UNCLASSIFIED 


AD  NUMBER 


AD476617 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  24  Nov 
1965.  Other  requests  shall  be  referred  to 
Air  Force  Rocket  Propulsion  Laboratory, 
Edwards  AFB,  CA. 


AUTHORITY 


AFRPL  ltr,  20  Dec  1971 


THIS  PAGE  IS  UNCLASSIFIED 


II 

I 

I 


r  i 


DOWNEY  PLANT 


RESEARCH  DIVISION 


LARGE  SOLID-PROPELLANT  BOOSTERS 
EXPLOSIVE  HAZARDS  STUDY  PROGRAM 
(PROJECT  SOPHY) 


Technical  Documentary  Report  No. 
AFRPL-TR -65-21 1 


I 


A  Final  Report  on 
Contract  AF04(6l  1  )-9945 


m 


AEROJET -GENERAL  CORPORATION 
Research  Division 
11711  Woodruff  Avenue 
Downey,  California 


LARGE  SOLID-PROPELLANT  BOOSTERS 
EXPLOSIVE  HAZARDS  STUDY  PROGRAM 
(PROJECT  SOPHY) 


Technical  Documentary  Report  No.  AFRPL-TR-65-2  1 1 
A  Final  Report  on 
Contract  AF04(o  1 1)-9945 
Aerojet  Report  No.  0866-0 1(0 1)FP 


O.  R.  Irwin 
G.  L.  Roark 

Prepared  by:  P.  K.  Salzman _  Date:  24  November  1965 


Research  Division 


AFKTL-TR-6 5-211 


ACC  0566-01(01) FP 
Page  ii 


FOREWORD 


This  report  was  prepared  by  Aarojet-Censral  Corporation!  Downey,  California, 
on  Air  Force  Contract  AF  04(611)~9945,  which  supports  the  USAF  Solid  Propellant 
Hazards  Study  Program  (Project  SOPHY)  , 

Project  SOPHY  was  initiated  In  April  1964  by  the  Air  Force  Rocket  Propulsion 
Laboratory,  Edwards,  California.  The  AFRPL  Program  Managers  were  Mr.  diaries  K. 
Cooke  for  the  first  three  months  of  the  contract  and  Major  Bryan  E.  dealer  for 
the  remainder  of  the  contract.  The  Aerojet-Cinaral  Corporation  Program  Manager 
was  Mr.  C.  L.  Roark  with  Dr.  0.  R.  Irwin  and  l*.  K.  Salzman  as  Principal  Investi¬ 
gators.  The  SOPHY  Program  is  sponsored  by  the  Air  Force  Rocket  Propulsion 
Laboratory,  the  Air  Force  Eastern  Test  Range,  and  tha  Air  Force  Space  Systems 
Division. 


This  report  has  been  reviewed  and  approved, 

br/an  e.  giesler 

Major,  USAF 

Solid  Propellant  Hazards  Study  Program 

Solid  Rocket  Division 

Air  Force  Rocket  Propulsion  Laboratory 
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ABSTRACT 

The  purpose  of  this  program  was  to  evaluate  the  detonation  charac¬ 
teristics  of  large  rocket  motors  containing  conventional  s olid-composite 
Class  II  propellants.  The  general  approach  taken  was  to  first  determine 
the  critical  diameter  of  a  Class  II  propellant  and  then,  by  means  of  a 
critical  geometry  theory,  predict  the  minimum  size  of  a  hollow- 
cored  rocket  motor  grain  of  Class  II  propellant  capable  of  sustaining 
detonation  as  well  as  the  effect  of  donor  size,  configuration,  and  loca¬ 
tion  on  the  initiation  of  detonation  in  the  grain. 

The  critical  diameter  of  a  typical  Class  II  propellant  (AP-PBAN  type) 
was  estimated  to  be  about  75  in.  based  on  the  results  of  a  combined 
experimental  theoretical  study  on  the  effect  of  RDX  adulterant  on  the 
critical  diameter  of  the  basic  AP-PBAN  formulation. 

The  validity  of  a  previously  devided  theory  of  critical  geometry  was 
tested  using  an  RDX-wax  explosive  and  a  PBAN-RDX  explosive.  The 
experimentally  determined  critical  dimensions  of  the  various  shapes 
tested  were  in  reasonable  agreement  with  predictions  of  the  theory. 

The  initiation  criterion  proposed  by  the  critical  geometry  theory  was 
measured  and  found  to  correctly  predict  the  initiation  of  detonation  in 
a  supercritical  acceptor  charge  by  an  axial,  and  donor.  Supercritical 
charges  could  be  initiated  to  detonation  by  an  axial,  end  donor  the 
diameter  of  which  was  only  about  40  %  of  the  critical  diameter  of  the 
acceptor. 
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The  United  States  is  developing  and  testing  lara*  <*olid-pr  cpellant  rocket 
motors  for  use  in  national  defense  and  space  exploration.  Because  of  the 
large  quantities  of  energetic  propellant  involved,  the  catastrophic  failure 
of  such  a  motor  is  potentially  capable  of  causing  vast  destruction.  A 
catastrophic  failure  could  be  initiated  by  such  mishaps  as  involvement  in 
fire,  impact  from  some  sort  of  projectile,  fail-back  during  a  launch,  or 
exposure  to  shock  resulting  from  an  explosion. 

Relatively  little  has  been  accomplished  in  the  systematic  investigation  of  the 
hazards  associated  with  large  solid  rocket  motors,  yet  these  hazards  are 
of  grave  concern  from  both  cost  and  personnel-safety  viewpoints,  especially 
since  an  increase  in  the  size  and  frequency  of  use  of  these  motors  is  antici¬ 
pated  in  the  future.  It  is  necessary  that  techniques  be  developed  to  accu¬ 
rately  analyze  and  predict  the  hazards  and  damage  capabilities  of  large 
solid  rocket  motors. 

In  the  past,  explosive-hazard  evaluation  tests  were  conducted  to  gain  infor¬ 
mation  or  particular  propellant  formulations  and  applications.  When  the 
formulations  or  applications  were  altered,  it  was  necessary  to  conduct  new 
tests.  The  answers  to  many  questions  about  the  hazards  associated  with 
solid  motors  were  not  known,  and  when  doubts  existed  they  were  resolved 
in  favor  of  mere  conservative  safety  criteria.  With  the  advent  of  the 
larger  solid  motors,  the  cost  of  "more  safety"  has  become  prohibitive. 

The  Hazards  Analysis  Branch  of  the  Air  Force  Rocket  Propulsion  Labora¬ 
tory,  Edwards  Air  Force  Base,  California,  is  conducting  a  solid-propellant 
hazards  study  program,  Project  SOPHY,  to  analyze  the  potential  explosive 
hazards  of  handling,  transporting,  testing,  and  launching  large  solid- 
propellant  systems.  As  an  initial  effort  under  Project  SOPHY,  Aerojet 
has  conducted  a  combined  experimental  and  theoretical  study  to  answer 
some  of  the  questions  of  one  aspect  of  the  hazards  problem:  the  hazard  cre¬ 
ated  by  the  detonation  of  a  large  motor  containing  a  Class  II  solid-composite 
propellant.  This  is  the  final  report  on  the  initial  SOPHY  studies. 

Existing  detonation  theories  cannot  be  applied  directly  to  the  analysis  of 
the  detonability  of  conventional  solid-propellant  motor  grains,  because 
they  consider  the  propagation  of  a  steady-state  detonation  only  in  solid 
cylindrical  charges,  while  solid-rocket-motor  grains  are  normally  in  the 
form  of  cylinders  with  various  shapes  of  internal  perforations.  To  assess 
the  detonation  hazards  of  real  motors,  the  approach  taken  in  the  present 
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programhas  been  to  first  determ  ine  the  minimum  diameter  (i.  e.  ,  the 
critical  diameter)  of  a  solid  cylindrical  grain  that  will  sustain  detonation, 
and  then,  by  a  concurrently  developed  theory  of  critical  g»r>rr; etr to  rc 
late  the  critical  diameter  of  the  solid  cylindrical  grain  to  the  critical  or 
minimum  size  of  a  given  grain  geometry  that  will  sustain  detonation. 


OBJECTIVES 

The  long-range  objective  of  these  studies  is  to  enable  prediction  of  the 
hazards  associated  with  handling,  transporting,  and  launching  solid- 
propellant  rocket  motors. 

The  specific  objectives  of  this  program  are:  (1)  to  determine  the  critical 
diameter  of  typical  Class  II  propellants,  and  (2)  to  extend  the  critical- 
diameter  concept  to  other  grain  configurations  and  to  determine  the  donor 
intensity,  configuration,  and  location  at  which  partial  or  complete  deto¬ 
nation  can  occur. 

For  technical  direction  and  definition,  the  program  was  divided  into  two 
separate  tasks:  ( 1 )  critical-diameter  studies,  and  (2)  critical-geometry 

studies.  These  tasks  are  reported  in  Sections  4  and  5. 


SUMMAR  Y 

Eighty-one  instrumented  critical-diameter  tests  were  performed  on  RDX- 
adulterated  AP-PBAN  propellant  samples  in  which  the  RDX  content  was 
decreased  from  16  wt  %  to  0.  25  wt  %  as  the  sample  diameters  increased 
from  1  to  48  in.  The  experimental  data  (critical  diameter  vs  RDX  con¬ 
tent)  were  used  in  conjunction  with  an  existing  theoretical  detonation  model 
to  develop  an  unproved  model,  consistent  with  the  data,  for  predicting  the 
critical  diameter  of  unadulterated  AP-PpAN  propellant. 
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ihe  final  form  of  the  model,  which  is  in  excellent  agreement  with  all 
critical-diameter  data  for  RDX  weight  fractions  f  s  0.  10,  is 


I  \  i/3 

dc  5  15  3  — 0—  -30'4i”- 

where:  i 

d  =  critical  diameter  (in.  ) 
c 

f  =  weight  fraction  (wt  %/  100) 

The  model  predicts  a  critical  diameter  of  75.  6  in.  for  unadulterated  AP- 
PBAN  propellant. 

The  current  theory  of  critical  geometry  evaluates  the  detonability  of  a  given 
system  by  developing  criteria  to  determine  (1)  the  critical  dimensions  for 
sustainment  of  detonation  of  any  configuration  in  terms  of  the  critical  dia¬ 
meter  of  that  material  and  (2)  the  level  of  shock  stimulus  from  a  donor 
necessary  to  initiate  detonation. 

A  very  useful  estimation  of  the  validity  of  the  theory  of  sustainment  was 
found  from  the  results  of  the  experimental  program  using  RDX-wax  explo¬ 
sive.  It  was  found  that  the  predicted  critical  dimensions  of  various  shapes 
were  somewhat  higher  than  the  data  obtained.  This  was  confirmed  by  the 
results  of  testing  with  PBAN-RDX  explosive  where  the  difference  amounted 
to  a  range  of  about  3-20%. 

It  was  found  that  the  results  obtained  could  be  correlated  by  using  a  con¬ 
cept  of  "equivalent  diameter"  (based  on  the  equations  of  the  original  theory 
and  the  critical  dimensions  found)  which,  for  the  PBAN-RDX  explosive, 
was  found  tc  be  accurate  within  about  5%.  It  was  also  indicated  that  for 
circular -core  cylinders,  the  critical  web  thickness  was  only  about  one- 
half  of  the  critical  diameter  of  the  material,  for  both  explosive  compositions. 

For  PBAN-RDX  explosive,  an  initiation  criterion  was  measured  and  found 
to  be  correct  in  predicting  the  cietonation  of  a  supercritical  acceptor  charge 
with  ?n  axial,  end  donor  when  this  criterion  was  plotted  as  shock  pressure 
required  for  initiation  of  detonation  vs  wave  diameter.  It  was  tentatively 
concluded  that  the  critical  geometry  theory  of  initiation  of  detonation  can  be 
used  to  correctly  predict  if  initiation  will  take  place  for  the  system  geometry  j 
considered.  It  was  also  shown  that  for  initiation  of  supercritical  charges  f 

by  axialit  end  donors,  the  critical  donor  diameter  was  considerably  less 
than  (about  60%)  the  critical  diameter  of  the  acceptor. 
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4.  CRITICAL  DIAMETER  PROGRAM 


4.  1  INTRODUCTION 

Although  the  critical  diameter  of  conventional  Class  II  solid-composite 
propellants  (i.  e.  ,  propellants  containing  ammonium  perchlorate  oxidizer, 
aluminum,  and  an  oxygen-lean  binder  such  as  polyurethane  or  PBAN) 
has  never  been  determined  experiment  illy,  information  available  at  the 
inception  of  the  program  suggested  that  it  was  very  large.  In  the 
Beauregard  Tests,  solid  cylindrical  charges  of  Clase  II  propellant  19  in. 
and  22  in-  in  diameter  did  not  sustain  a  detonation  when  initiated  on  one 
end  by  a  large  high- explosive  booster.  Results  of  Aerojet  theoretical 
studies  conducted  prior  to  Contract  AF  04(61 1)-9945  were  consistent  with 
these  experiments  in  that  they  indicated  that  the  critical  diameter  of  an 
ammonium  perchlorate -polyurethane  propellant  was  very  large  (approxi¬ 
mately  660  in. ). 

Since  the  critical  diameter  of  Class  II  solid-composite  propellants  was 
apparently  so  large  as  to  economically  preclude  its  direct  measurement 
by  full-scale  tests,  a  method  was  required  by  which  the  critical  diameter 
could  be  predicted  from  the  results  of  small  scale  experiments.  One 
approach  is  to  modify  the  propellant  so  as  to  reduce  the  critical  diameter 
to  an  economically  practical  level.  There  are  several  possible  methods 
that  might  be  used  to  accomplish  this.  For  example,  previous  Aerojet 
studies  have  indicated  that  the  critical  diameter  for  porous  AP  composite 
propellants  decreases  as  the  pore  content  increases,  and  approaches  the 
critical  diameter  of  pure  low-density  ammonium  perchlorate  (dc~  1  to 
i  in.)  for  sufficiently  large,  homogeneously  distributed  pore  contents. 

The  critical  diameter  of  a  nonporous  solid-composite  propellant  might, 
then  be  estimated  by  extrapolation  of  the  curve  for  critical  diameter  vs 
percent  porosity  back  to  zero  porosity. 

The  approach  adopted  by'  Aerojet  in  the  present  program  was  to  determine 
the  critical  diameters  of  composite  propellant  samples  that  had  been 
adulterated  with  various  percentages  of  a  high  explosive  (RDX).  The 
experimentally  determined  curve  for  critical  diameter  vs  adulterant 
content  was  used  as  a  guide  in  the  .development  of  a  theoretical  detonation 
model  to  predict  the  critical  diameter  of  unadulterated  Class  II  pro¬ 
pellant. 

As  a  subtask  of  the  critical-diameter  program,  the  usefulness  ox  another 
technique  for  estimating  the  critical  diameter  of  a  propellant  by  sub¬ 
scale  (subcritical  size)  testing  was  evaluated.  This  technique  studies  the 
decay  rate  of  a  detonation  wave  induced  in  a  subcritical  cylindrical 
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sample  by  an  explosive  booster  and  correlates  this  with  the  degree  of 
subcriticality.  A  detailed  quantitative  understanding  of  the  detonation 
process  in  the  suhcritical  (r.cnstcady  state}  region  was  required,  1  ne 
analytical  work  associated  with  this  approach  was  subcontracted  to 
Shock  Hydrodynamic s. Inc.  This  work  is  reported  in  Appendix  E. 


4.  2  OBJECTIVE 

The  objective  of  the  critical-diameter  program  was  to  reliably  predict 
the  minimum  (critical)  diameter  of  a  cylindrical  sample  of  a  typical 
Class  II  propellant  that  is  cap;  hie  of  sustained  detonation.  This 
objective  was  accomplished  as  follows: 

a.  The  critical  diameter  of  RDX -adulterated  Claes  II  propellant 
was  determined  as  a  function  of  RDX  content. 

b.  A  theoretical  detonation  model,  consistent  with  the  experi¬ 
mental  data  for  critical  diameter  vs  RDX  content  was  developed 
by  modifying  and  refining  a  previously  developed  Aerojet  detona¬ 
tion  model  for  porous  Clasa  II  propellants. 

c.  The  refined  theoretical  model  was  extrapolated  to  zero  percent 
RDX  to  predict  the  critical  diameter  of  the  unadulterated  Class 
II  propellant. 

4.  3  EXPERIMENTAL  PROGRAM 


4.  3.  1  Propellant  Processing 

The  AP-PBAN  composite  propellants  (basic  formulation:  ANB-3105  CD) 
containing  various  percentages  of  explosive  adulterant  (RDX)  used  in  all 
critical-diameter  tests  were  mixed  and  cast  according  to  previously 
developed  manufacturing  techniques  that  were  known  to  yield  good-quality 
propellant. 

A  single  lot  of  Class-E  (a  small  particle-size  grade)  RDX,  obtained  from 
the  Holston  Defense  Corporation,  Kingsport,  Tennessee,  was  used- to 
prepare  all  RDX-adulterated  propellant  batches.  A  particle-siie 
analysis  of  this  lot  of  RDX  is  presented  in  Figures  1  and  2. 


HUMBER  %  NUMBER  % 
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Figure  1.  Particle-Size  Analysis  of  RDX  Crystals 
(Sample  1;  Drawn  29  June  1964). 
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Figure  2.  Particla-Size  Analysis  of  RDX  Crystal 
(Sample  2;  Drawn  13  September  1964). 
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4.  3.  2  Propellant  Quality  Control 

Because  of  the  known  strong  influence  of  porosity  on  critical  diameter, 
it  was  essential  that  the  porosity  content  of  aii  P.DX-aduiterated  pro¬ 
pellant  samples  used  in  this  program  be  consistently  neld  to  the  lov/est 
level  attainable  with  present  processing  techniques. 

Two  methods  were  used  to  monitor  the  void  content  of  RDX-adulterated 
propellants.  They  were:  (1)  comparison  of  density  measurement  on 
uncured  (liquid)  and  cured  (solid)  samples  from  each  batch  of  propellant, 
and  (2)  X-ray  examination  of  the  test  articles.  In  the  first  method, 
the  uncuved  propellant  was  used  as  the  reference  material  and  was 
assumed  to  have  no  porosity.  Development  of  voids  during  curing  would 
presumably  be  indicated  if  the  density  of  the  cured  propellant  is  lower 
than  the  density  of  the  liquid  propellant.  Since  the  density  of  the  pro¬ 
pellant  always  increases  slightly  auring  curing,  there  was  some  question 
as  to  the  ability  of  this  method  to  detect  low  concentrations  of  uniformly 
distributed  small  voids,  i.  e.  ,  the  cured  propellant  could  be  slightly  porous 
and  stili  have  a  density  equal  to  or  slightly  above  that  of  the  uncured 
liquid  "reference"  propellant.  X-ray  exami  lation  of  the  test  articles 
was  useful  only  for  detection  of  gross  flaws  such  as  entrapped  gas  bubbles 
in  the  propellant. 

A  promising  technique  for  detecting  low  concentrations  of  uniformly  dis¬ 
tributed  small  voids  involves  the  microscopic  examination  of  thin  sections 
of  the  propellant  under  various  types  of  lighting,  using  procedures  pre¬ 
viously  developed  at  Aerojet's  Solid  Rocket  Operations  (SRO).  In  the 
previous  studies  it  was  found  that  all  propellant  constituents  as  well  as 
any  internal  flaws  in  the  oxidicer  or  separations  between  fuel  and 
oxidizer,  could  be  easily  located  on  the  photomicrographs.  The  photo¬ 
micrographs  of  AAB-3172  propellant,  containing  3.  25  wt  %  RDX  (Figure  3), 
demonstrated  excellent  wetting  of  all  solid  constituents  by  the  binder. 

No  interstitial  voids  were  detected.  However,  a  few  internal  defects 
were  present  in  the  oxidizer  particles.  It  may  be  expected  that  such  voids 
will  have  a  significant  effect  upon  the  critical  diameter  if  present  in 
sufficiertly  high  concentration. 

It  can  be  seen  in  these  photomicrographs  that  the  propellant  sample  is 
essentially  free  of  voids.  This  was  not  unexpected,  since  past  experi¬ 
ence  indicated  that  the  large  gas  bubbles  entrapped  during  mixing  were 
easily  removed  during  vacuum  casting  and  that  small  voids  (i,  e.  , 
uniformly  distributed  porosity)  were  not  observed  unless  gas  lormation 
occurred  as  the  propellant  reached  the  gel  point  during  cure.  Unlike 
polyurethane,  the  PBAN  binder  was  not  susceptible  to  such  gas -forming 
reactions. 
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Figure  3.  Photomicrographs  of  AAB-3172  Propellant  (3.25  v/t  %  RDX) 
Shoving  AP,  Al,  RDX,  and  Internal  Voids  in  aP  Crystals. 
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Individual  RDX  crystals  in  an  AAS-3i56  propellant  sample  (9.0  wt  %  RDX) 
can  be  clearly  identified  by  the  use  of  phase -contr.  st  dark-field  micro- 
photography  (Figure  4).  Tt  in  apparent  that  there  was  considerable  agglom¬ 
eration  of  the  smaller  RDX  particles.  In  one  case  (see  Figure  4)  two 
aggregates  of  small  RDX  particles,  that  were  nearly  touching  had  an 
overall  width  of  approximately  60  p.  It  is  probable  that  such  a  region 
would  be  essentially  as  effective  as  a  single  60  p.  RDX  particle  with 
respect  to  its  ability  to  initiate  an  adjacent  AP  grain. 

4.  3.  3  Propellant  Mold  Design 

While  it  is  desirable  to  conduct  critical  diameter  tests  with  bare  charges 
to  avoid  the  unknown  effects  of  confinement,  the  original  test  plan  pro¬ 
vided  for  steel  confinement  of  the  samples,  with  the  case  thickness 
increasing  as  the  charge  diameter  increased,  since  it  was  believed  that 
the  larger  charges  would  deform  excessively  under  their  own  weight 
plus  the  weight  of  the  booster  if  unconfined. 

Stress  calculations,  based  on  the  physical  properties  of  unadulterated 
PBAN  propellant,  and  measurements  of  the  load  that  samples  of  RDX- 
adulterated  propellant  could  sustain  without  gross  deformation,  indicated 
that  even  the  largest  critical-diameter  samples  to  be  tested  in  the  pro¬ 
gram  (48-in.  diameter  by  192  in.  length,  22,000  lb)  could  be  tested 
unconfined  without  significant  deformation,  even  under  the  added  load  of 
a  5000-lb  explosive  booster.  It  was  therefore  decided  to  test  all  samples 
without  confinement.  This  permitted  simplification  of  the  original  design 
for  the  steel  casting  chambers  (Figure  5)  by  elimination  of  the  holes  for 
insertion  of  pin-probes  and  viewing  of  the  propellant  by  a  streak  camera. 

A  modified  chamber  is  shown  in  Figure  6.  The  inside  walls  of  all 
chambers  were  coated  with  mold  release  to  facilitate  removal  of  the 
cured  propellant  samples, 


4.  3.  4  TNT  Booster  Preparation 
4.  3.  4.  1  Booster  Mold  Design 

The  booster  molds  were  designed  as  modular  segments  to  facilitate 
casting,  handling,  and  shipping.  Each  module  was  designed  to  approxi¬ 
mate  a  3: 1  cone  by  stacking  cylinders  with  a  4-in.  change  in 
diameter /foot  of  length  since  the  purely  conical  shape  was  more  expen¬ 
sive  to  fabricate.  The  cylindrical  shape  also  provided  greater 
mechanical  strength  for  the  charge  when  the  base  plate  used  in  casting 
was  removed  at  the  test  site.  Figures  7  and  8  illustrate  the  donor 
design  and  the  assembly  to  the  propellant  charge. 
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PHASE  CONTRAST,  DARK  FIELD  SHOWS  RDX 
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Figure  4.  Photomicrograph  of  AAB-3188  Propellant  (9.0  wt  %  RDX) 
Using  Phase  Contrast,  with  Dark  Field,  Showing  Distribu¬ 
tion  of  RDX  Particles  (250X). 
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f  j •  Figure  5.  Typical  Steel  Chamber  Used  for  Propellant  Samples 

|  [j  27  in.  in  Diameter  and  Smaller. 
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Figure  8.  Donor  Configuration  and  Handling. 
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Each  mold  consisted  of  a  series  of  cylindrical  castings  stiffened  by 
plywood  rings.  A  retainer  ring  inside  each  cylinder  supported  the 
casting  and  prevented  the  explosive  from  falling  out  when  the  bottom 
plate  '.vs. s  removed  from  the  charge.  Provisions  for  imndiing  the 
charge  assembly  were  provided  by  six  lifting  lugs  around  the  lower 
segment  of  each  module,  Figure  9  is  a  typical  cross-section  of  the  mold. 


4.  3.  4.  2  Booster  Casting  Technique 

A  slurry  casting  technique  was  used  for  casting  the  booster  segments  to 
minimize  shrinkage  problems  resulting  from  the  large  contraction  that 
occurs  du.ing  the  solidification  of  TNT.  This  technique,  which  consists 
of  alternately  introducing  TNT  chips  (previously  prepared  from  vacuum- 
melted  TNT)  andmoltenTNT  into  the  mold,  permits  the  solid  TNT  chips 
to  act  as  a  heat  sink  for  the  molten  TNT,  thus  minimizing  shrinkage.  A 
molten-to-solid  TNT  ratio  of  approximately  1:1  was  used. 


4.  3,5  Test  Plan 

The  basic  test  plan  consisted  of  determining  the  critical  diameters  of 
AP-PBAN  composite  propellant  formulations  in  which  decreasing  levels 
of  RDX  adulterant  have  replaced  equal  weights  cf  AP.  The  results  of 
each  group  of  tests,  together  with  a  concurrently  developed  theoretical 
model,  were  used  to  select  the  adulterant  level  that  would  bring  the 
critical  diameter  within  the  diameter  range  of  the  next  group  of  samples. 
Six  test  groups  with  nominal  diameters  of  1-1/2,  3,  6,  12,  24,  and  48  in. 
were  chosen  to  provide  experimental  data  over  a  considerable  range  of 
diameters  and  RDX  contents.  The  original  test  plan,  with  the  anticipated 
RDX  levels  for  each  group  is  shown  in  Table  1. 


Table  1.  Critical  Diameter  Test  Plan. 

Test 

Sample 

Number  of 

Anticipated 

Group 

Diameter 

Samples 

RDX  Bevel 

1 

1-1/4  to  2  in. 

32 

16  wt  % 

2 

2  to  4  in. 

16 

12  to  16  wt  % 

3 

6  to  9  in. 

8 

10  to  14  wt  % 

4 

11  to  14  in. 

8 

8  to  12  wt  % 

5 

18  to  27  in. 

8 

6  to  10  wt  % 

6 

48  in. 

4 

2  to  8  wt  % 
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SHIPPING  COVER 


1  ALUMINUM  CYLINDER- 
PLYWOOD  INTERNAL  SUPPORT  RINGS 

PLYWOOD  STIFFENING  RINGS 
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Figure  9.  Typical  Cross-Section  V  iew  of  Explosive  Mold. 
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In  addition  to  the  test  groups  shown  in  Table  1,  three  auxiliary  deton- 
ability  tails  were  sciieauiea  with  unadulterated  AP  composite  propellant 
cast  into  Minuteman  chambers  (two  second-stage  chambers,  44  in.  in 
diameter  and  one  first-stage  chamber,  65  in.  in  diameter).  Also,  five 
additional  (subcritical)  unadulterated  AP-PBAN  propellant  samples  were 
to  be  tested  for  the  rate  of  fading  of  an  induced  detonation  wave,  in 
support  of  a  subcontractor's  {Shock  Hydrodynamics,  Inc.  )  theoretical 
studies  ;  because  of  problems  in  fabricating  satisfactory  probes  for 
monitoring  detonation  velocity  at  the  center  of  the  Bubcritical  samples, 
these  tests  were  not  performed. 

4.  3.  5.  1  Test  Procedure 

All  critical  diameter  tests  were  conducted  with  solid  cylindrical  pro¬ 
pellant  samples  having  a  length/diameter  ratio  of  at  leait  4:1.  Detonation 
was  initiated  by  conical  high- explosive  boosters  (cast  TNT)  with  a  height/ 
base  ratio  of  3:1.  The  basic  test  setup  consisted  of  the  propellant  sample, 
placed  vertically  on  a  steel  witness  plate  (supported  above  the  ground  by 
wooden  block.6)  with  a  booster  resting  on  top  of  the  propellant  charge.  The 
velocity  of  the  detonation  wave  induced  in  the  propellant  by  detonation  of  the 
booster  was  monitored,  as  it  propagated  down  the  test  sample,  by  two  rows 
of  pin  probes  placed  along  opposite  sides  of  the  charge,  and  by  high-speed 
streak  photography.  Testing  of  propellant  charges  of  100  lb  or  less 
(nominally  8  in.  in  diameter)  was  conducted  at  the  Aerojet  Chino  Hills 
Ordnance  Laboratory.  Testing  of  larger  propellant  charges  was  con¬ 
ducted  at  the  1-36D  Solid  Hazards  Test  Facility  of  the  Air  Force  Rocket 
Propulsion  Laboratory. 

In  the  AFRPL  tests,  side-on  blast  overpressure  was  measured  at  1  5 
positions,  arranged  on  three  radial  lines  120°  apart  (5  positions  per  line), 
and  face-on  overpressure  on  one  radial  line  (5  positions),  The  Kistler 
piezoelectric -tranducer  and  charge-amplifier  system  was  used  to  monitor 
all  blast  data,  which  was  then  recorded  on  a  high-speed  magnetic  tape 
recorder.  The  data  was  played  back  at  a  lower  speed,  to  permit  an 
effective  time  expansion  of  the  data,  for  recording  on  a  CEC  string 
galvanometer  oscillograph.  Heat  flux  and  thermocouple  data  from  the 
thermal  radiation  emitted  in  the  large  tests  were  recorded  directly  on  the 
string  galvanometer  oscillograph.  Documentary  and  high-speed  (Fastax) 
film  coverage  was  provided  on  all  AFRPL  tests.  The  layout  of  the  1-36D 
Test  Facility  is  shown  in  Figure  J  C. 

The  test  setup  used  for  instrumented  critical  diameter  tests  of  the  samples 
in  Table  1  is  illustrated  by  Figures  11  and  12. 
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Pigore  11.  Typical  Critical  Diameter  T««t  Setup. 
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ERRATA 

1.  Page  iii.  Remove  and  insert  new  page  iii,  attached. 

2.  Page  55,  Equation  (6).  Add  "jP"  after  "distance." 

3.  Page  62,  Equation  (20).  Add  "+1/3"  at  end  of  equation. 

4.  Page  65.  Remove  and  insert  new  page  65,  attached. 

5.  Page  108.  Remove  and  insert  new  page  108,  attached. 

6.  Page  161.  Remove  and  insert  new  page  161,  attached. 

7.  Page  201,  4th  paragraph.  Delete  and  substitute: 

"The  best  results  were  obtained  with  Class  E  (MIL-R-3980,  95%  mini¬ 
mum  325  mesh)  RDX.  The  study  also  showed  the  feasibility  of  casting 
into  molds  of  various  shapes  without  any  special  problems  in  curing 
or  in  releasing  the  samples." 
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ABSTRACT 

The  purpose  of  this  program  was  to  evaluate  the  detonation  charac¬ 
teristics  of  large  rocket  motors  containing  conventional  solid-composite 
Class  11  propellants.  The  general  approach  taken  was  to  first  determine 
the  critical  diameter  of  a  Class  II  propellant  and  then,  by  means  of  a 
critical  geometry  theory,  predict  the  minimum  size  of  a  hollow- 
cored  rocket  motor  grain  of  Class  II  propellant  capable  of  sustaining 
detonation  as  well  as  the  effect  of  donor  size,  configuration,  and  loca¬ 
tion  on  the  initiation  of  detonation  in  the  grain. 

The  critical  diameter  of  a  typical  Claes  II  propellant  (AP-PBAN  type) 
was  estimated  to  be  about  75  in.  based  on  the  results  of  a  combined 
experimental  and  theoretical  study  on  the  effect  of  RDX  adulterant  on 
the  critical  diameter  of  the  basic  AP-PBAN  formulation. 

The  validity  of  a  previously  devised  theory  of  critical  geometry  wac 
tested  using  an  RDX-wix  explosive  and  a  PBAN-RDX  explosive.  The 
experimentally  determined  critical  dimensions  of  the  various  shapes 
tested  were  in  reasonable  agreement  with  predictions  of  the  theory. 

The  initiation  criterion  proposed  by  the  critical  geometry  theory  was 
measured  and  found  to  correctly  predict  the  initiation  of  detonation  in 
a  supercritical  acceptor  charge  by  an  axial,  end  donor.  Supercritical 
charges  could  be  initiated  to  detonation  by  an  axial,  end  donor  the 
diameter  of  which  was  only  about  40  %  of  the  critical  diameter  of  the 
acceptor. 
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where  tne  integration  is  made  over  the  entire  wave  surface. 
Knowing  that  the  equation  of  the  circles  being  considered  is 

2  2  2 
(x  +  h)  +  y  =  r 

it  is  easy  to  show  that 

dA  =  2  7  r  dx  and 


2  V  r  dx 


A  =  2  7  r  (x.  -  x  ) 

1  o 

Substituting  above  gives 

X1 

P  -  !/<.,  -  j 

xo 


When  r  *  2  or  if  r>  2  and  h  > 


4  this  becomes 


1  /(r-h) 


/  2 


and  when  r  >  2  and  h  <  \/r  -  4  this  becomes 


The  value  of  the  integral,  Pdx  (which  is  contained  in  both 
expressions)  was  found  by'humerically  integrating  the  shock- 
pressure  (vs  x)  data  mentioned  above  for  each  wave  profile 
and  the  average  pressure  found  from  the  values  of  r,  h,  xQ, 
and  xj  for  that  profile.  These  results  are  also  listed  in 
Table  23. 
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Figure  12.  Teet  Setup,  Critical  Diameter  Te»t  of  48-in.  -Diameter 
RDX-Adulterated  PBAN  Propellant  Charge. 
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To  permit  the  propellent  samples  contained  in  the  first-  and  second -stage 
steel  Minuteman  chambers  (see  Section  5.  1.2.  5)  to  be  tested  in  a  con¬ 
figuration  approaching  that  of  the  conventional  critical  diameter  tests,  the 
following  operations  were  required: 

a.  Removal  of  the  steel  case  above  the  free  surface  of  the  pro¬ 
pellant  charge  by  cutting  with  linear  shaped  charge. 

b.  Inverting  of  the  chamber  and  placing  the  exposed  propellant 
surface  on  a  steel  witness  plate. 

c.  Forming  a  full-diameter,  flat  top  surface,  for  mating  with  the 
TNT  booster,  by  wrapping  an  aluminum  sheet  around  the 
chamber,  with  the  top  edge  of  the  aluminum  level  with  the  igniter 
port,  and  packing  the  resulting  annulus  with  C-4  explosive. 

d.  Improvising  detonation  velocity  probes  by  mounting  a  vertical  row 
of  duPont  T-l  targets  along  the  outside  of  the  steel  case  (with  a 
1/4-in.  gap  between  the  target  faces  and  the  case). 

These  steps  are  illustrated  in  Figure  13.  The  resulting  test  setup  for  a 
modified  second- stage  Minuteman  chamber  is  shown  in  Figure  14. 

Various  combinations  of  the  following  types  of  detonation  velocity  probes 
were  used  in  the  critical  diameter  tests.  These  arei(l)  ionization  probes, 
consisting  of  either  coaxial  or  parallel  conductors  separated  by  a  thin 
layer  of  insulating  resin,  (2)  combined  ionization/mechanical  probes,  in 
which  closure  of  the  electrical  circuit  was  accomplished  either  by  the 
ionized  detonation  wave  passing  across  the  separated  electrical  conductors 
at  the  end  of  the  probe  or  by  crushing  and  shorting  of  the  probe  by  the 
mechanical  action  of  the  wave,  and  (3)  a  mechanically  actuated  shorting 
switch  (duPont  T-l  or  T-2  targets). 

A  Beckman  and  Whitley  model  194  streak  camera  was  used  in  the  first 
39  tests  conducted  at  the  Chino  Hills  Ordnance  Laboratory.  A  Barr  and 
Stroud  model  CP-6  streak  camera  was  used  in  the  remaining  CHOL  tests. 
An  Aerojet-modified  Beckman  and  Whitley  Model  224  drum  camera  was 
used  in  the  first  16  tests  conducted  at  AFRPL.  The  remaining  six  tests 
were  conducted  without  high-speed  streak  photography  because  of 
deteriorating  performance  of  the  drum  camera. 

High-speed  photographic  coverage  of  the  AFRPL  tests  was  provided  by 
a  line  of  eight  cameras  as  shown  in  Figure  10. 


0866  01  01  )FP 
Pago  23 
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(1)  CUTTING  OF  NOZZLE  FLANGE 
WITH  LINEAR  SHAPED  CHARGE 


(2)  Placing  of  inverted  chamber,  with 

NOZZLE  FLANGE  REMOVED,  ON  STEEL 
WITNESS  PLATE 


(3)  PACKING  OF  COMPOSITION  C-4 
EXPLOSIVE  TO  PROVIDE  FLAT 
INTERFACE  FOR  TNT  BOOSTER. 


(4)  COMPLETED  CHARGE,  WITH  TNT 
BOOSTER  IN  PLACE 


Figure  13,  Preparation  of  Unadulterated  PBAN  Propellant  Charge  in 
Second>Stage  Minuteman  Chamber  for  Critical  Diameter  Test. 
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ness  of  the  plates  was  scaled  approximately  linearly  with  propellant 
sample  diameter  for  samples  up  to  27  in.  in  diameter  (see  Figure  15). 
three  48-in. -diameter  samples  of  RDlI-adulterated  propellant  and  two 
samples  of  unadulterated  AP-PBAN  propellant  were  tested  on  4-in.  -  and 
2-in. -thick  plates,  respectively,  instead  of  the  6-  to  7-in. -thick  plates 
required  by  an  extrapolation  of  the  linear  scaling  used  on  the  smaller 
samples , 

4.  3.  6  Data  Reduction 

The  rasteroscillograph  records  of  the  probe  data  and  the  streak  camera 
records  from  each  test  were  converted  to  distance-time  information 
which  was  then  transformed  to  average  velocity  data  by  a  standard 
numerical  differentiation  technique  (Reference  1).  The  criterion  for  sus¬ 
tainment  of  detonation  was  the  stabilizing  of  the  velocity  of  the  wave  at 
seme  essentially  constant  value  after  the  high-velocity  detonation  wave 
from  the  booster  had  decayed  in  the  first  half  of  the  charge.  Although 
minor  fluctuations  of  the  successive  data  points  were  usually  observed  in 
a  sustained  detonation,  there  was  no  difficulty  in  distinguishing  this 
behavior  from  the  fading  detonation  wave  in  a  suberitical  sample.  In  all 
tests  the  witness  plate  results  confirmed  the  indications  of  the  probe  and 
streak  camera  records,  i.  e.  ,  sustained  detonations  created  sharp-edged 
full-diameter  dents  or  holes  in  the  plates,  while  the  fading  waves  in  the 
suberitical  samples  caused  only  gross  bending  ol  the  plates. 


4.  3.  7  Experimental  Results 

The  results  of  the  tests  performed  on  the  critical  diameter  program  are 
summarized  in  Table  2  and  Figure  16  (tests  CD-I  through  CD- 12,  which 
were  preliminary  witnes  s  -  plate  tests  to  verify  the  selection  of  an  RDX 
level  of  16  wt  %  for  the  first  test  group,  are  not  included).  The  variation 
of  detonation  velocity  with  distance  along  the  sample,  for  the  tests  that 
bracket  the  critical  diameter  for  the  propellant  formulations  presented  in 
Table  2,  are  shown  in  Figures  17  through  34.  It  should  be  noted  that  the 
curves  drawn  through  the  data  points  are  eye-fits  only,  and  are  presented 
to  indicate  the  trend  of  the  data. 
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Table  2. 

Summary  of  Test 

Results 

of  OHHrul 

Di  a  m 

D- - 

- -  -  -5*  MASS. 

i 

Nomina  1 

Sample 

Test 

Results* 

1  ; 

HDX 

Dimensions 

Average  Steady  State 

Propellant 

Content 

Dia  *  Length 

Test 

Streak 

Witness 

Detonation  Velocity 

De  ■  ignation 

JlLlL 

t|n-> 

Noia ) 

Probe 

Camera 

Plate 

(mm/usec) 

J 

i 

A  ABO  163 

16.  0 

1  x  « 

CD-47 

i  . 

1  x  8 

CD-45 

4 

4 

4 

4.  886  (13) 

1.  25  x  16  (b) 

CD-18 

- 

No  Ds  ta 

1.  25  x  12  (c) 

CD-29 

4 

4 

4  ‘ 

4.  932  (27) 

;  ; 

. .  - 

1.  25  x  8 

CD-15 

4 

4 

4 

5.  014  (5) 

.  j 

1.  25  x  8 

CD-44 

4 

4 

4 

5.  063  (6) 

l  ' 

1.5x8 

CD-13 

No  Data 

4 

4 

5.  187  (1)  ' 

1.5x8 

CD-  14 

No  Data 

4 

4 

5.  054  (  1) 

1.  5  x  a 

CD-19 

No  Data 

a 

4 

5.  384  (  11) 

( ; 

1.5  x  8 

CD-20 

No  Data 

4 

4 

5.  245  (5) 

!  i 

1.5x8 

CD-27 

4 

4 

♦ 

5.  199  (7) 

1.  ?5  x  8 

CD-21 

(d) 

4 

4 

5.  141  (1) 

1.  75  x  8 

CD-22 

(d) 

4 

4 

5.  098  (6) 

1.  75  x  8 

CD-26 

4 

4 

4 

5.  194  (6) 

j 

1.  75  x  8 

CD-28 

4 

4 

4 

5.  362  (10) 

J.  75  x  6 

CD- 31 

4 

4 

4 

5.  136  (10) 

2x8 

CD-23 

4 

4 

4 

5.  125  (5) 

2  x  8 

CD-24 

4 

* 

4 

5.  2 J3  (-1) 

2  x  a 

CD  -25 

4 

4 

4 

5.  194  (6) 

2x8 

CD-30 

4- 

4 

4 

5.  220  (  1  1) 

AAB-3164 

12.0 

1.3  x  10 

CD-46 

- 

. 

. 

. . 

'  * 

1.53  k  8 

CD-43 

4 

4 

4 

4.  574  (5) 

i 

1.63  x  8 

CD-42 

4 

No  Data 

4 

4.620  (4) 

»  .  '■ 

2x8 

CD-18 

4 

4 

4 

4.  726  M0) 

2x8 

CD-17 

No  Data 

No  Data 

4 

.  . 

2.  5  x  10 

CD-32 

+ 

4 

4 

4.  831  (12) 

2.  5  x  10 

CD-33 

4 

4 

4 

4.  876  (8) 

2.  5  x  10 

CD-36 

4 

4 

4 

4.  986  (4) 

3  x  12 

CD-34 

4 

No  Data 

4 

4.  957  (6) 

3  x  12 

CD-35 

4 

4 

4 

4.973  (7) 

■  : 

3  x  12 

CD-41 

4 

4 

4 

4.906  (  13) 

* 

3  x  12 

CD-48 

4 

No  Data 

4 

4.852  (16) 

.  . 

3.  5  x  14 

CD-38 

<d) 

No  Data 

4 

■  .  . 

3.  5  x  14 

CD-39 

(d) 

No  Data 

4 

4x16 

CD-37 

4 

4 

a 

4.936  (0) 

i 

4x16 

CD-40 

(d) 

4 

4 

<.070  (4) 

i  ; 

4x16 

CD-49 

4- 

No  Data 

4 

4.  848  (8) 

n 


(a)  Includes  ull  teats  except  CD-I  through  CD-12,  which  war*  preliminary  witness  plate  teats. 

(b)  Test  charge  conalated  of  two  8-in.  -long  charges  placed  end-to-end. 

(c)  Test  charge  consisted  of  a  4-in.  -long  charge  placed  on  top  of  an  8-ln.  -long  charge. 

(d)  Streak  can.  era  not  used. 

(e)  Tested  in  0.023-in.  thick  steel  confinemant. 

(f)  Unadulterated  PflAN  propellant  In  second-stage  Minuteman  cliamber. 

*+  s  steady-state  detonation]  -  =  failing  detonation. 

Number  J  in  parentheses  indicate  number  of  data  points  used  in  computing  average 
detonation  velocity. 
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Nominal 

Sample 


T«*l  R*»uJH» 


!v 


r; 


HDX 

Dimeneione 

Teat 

U---- 

•  -g*  jttauy  ota le 

Propellant 

Content 

Dia  x  Length 

N°.(») 

Probea 

Camera 

Plate 

Detonation  Velocity 

Designation 

(wt  %) 

(in.)  . 

(ttim/usecl 

AAR.  1 1  a? 

t  A  A 

CD-7 .» 

. 

No  u«ia 

1.  75  x  7 

CD-63 

- 

- 

- 

-- 

2.  5  x  10 

CD- 62 

a 

4 

4 

9.372  (5) 

2.  5  x  10 

CD-66 

4 

t 

4 

4. 299  (8) 

3x12 

CD-59 

♦ 

4 

4 

4.  568  (5) 

3  x  12 

CD-65 

♦ 

4 

4 

4.  46)  (11) 

4  x  16 

CD- 69 

♦ 

No  Data 

4 

4.  660  (6) 

4  x  16 

CD- 70 

♦ 

No  Data 

4 

4.  678  (6) 

AAB-3188 

9.  0 

1.  75  x  7 

CD-72 

- 

No  Data 

- 

-- 

3  x  12 

CD- 60 

- 

- 

- 

-- 

3  x  12 

CD-64 

- 

No  Data 

- 

-- 

4x16 

CD-6  1 

No  Data 

4 

4 

4.  276  (I) 

4x16 

CD-68 

4 

l 

4 

4.  >68  ())) 

5  x  20 

CD-67 

4 

No  Data 

4 

4.  510  (121 

7  x  28 

CD-7  1 

a 

No  Data 

4 

4.  568  (12) 

AAB-3176 

6.  75 

6  x  24 

CD -54 

- 

- 

- 

8x32  (e) 

CD-  55 

4 

4 

4 

4.  192  (20) 

10  x  -iQ 

CD-53 

4 

4 

4 

4. 236  (11) 

12  x  48 

CD-56 

4 

4 

4 

4.  381  (5) 

AAB-3192 

6.  0 

9x36 

CD-7  8 

4 

No  Data 

4 

4,  163  (9) 

13  x  52 

CD-93 

4 

<d| 

4 

4.  408  (16) 

AAB-3165 

5.  5 

14  x  56 

CD-75 

4 

No  Data 

4 

4. 269  (10) 

AAB-3  191 

4.  75 

10  x  40 

CD-77 

- 

No  Data 

- 

-- 

1  1  x  44 

CD-79 

- 

No  Data 

- 

-- 

12  x  48 

CD  -80 

4 

No  Data 

4 

4.  1  19  (8) 

13  x  52 

CD-76 

4 

No  Data 

4- 

4.  124  (7) 

AAB-3  198 

3.  4 

18  x  72 

CD-81 

4 

No  Data 

4 

4.  000  (  14) 

24  x  96 

CD-84 

♦ 

No  Dxtx 

4 

4.211  (16) 

27  x  108 

CD-63 

4 

No  Data 

4 

4.  f.  15  (2) 

AAB-3  172 

3.  25 

7  x  28 

CD-50 

No  Dxtx 

- 

- 

7  x  28 

CD-57 

- 

<d) 

- 

7  x  26 

CD-68 

- 

(<i) 

. 

•  - 

8  x  32 

CD-74 

- 

No  Data 

- 

.. 

9  x  36 

CD-51 

No  D«t« 

No  Data 

- 

-- 

AAB-3  199 

2.9 

24  x  96 

CD-82 

No  Data 

No  D41* 

4 

.. 

AAB-3  174 

2.  75 

1  1  x  44 

CD-52 

- 

- 

- 

.. 

AAB-3203 

2.  4 

24  x  96 

CD-86 

4 

No  Data 

4 

3.  923  <6| 

A  AB  -3209 

1.  8 

24  x  96 

CD-85 

- 

No  Data 

- 

-  - 

A  AD  -3  173 

l.  75 

11x44 

CD-91 

- 

(d) 

. 

-- 

AAB  -3205 

0.  73 

48  x  192 

CD-89 

4 

(d) 

4 

3.  979  (9) 

AAB-3213 

0.  50 

48  x  192 

CD-90 

No  Data 

(d) 

4 

-- 

AAB-3215 

0.  25 

48  x  192 

CD -92 

- 

(d) 

. 

-- 

ANB-3105 

0 

44  x  107  (f) 

CD-87 

- 

(d) 

- 

-- 

ANB-3105 

0 

44  x  107  (f) 

CD-88 

- 

<d) 

- 

*• 

(a)  Includes  all  toete  except  CD-I  through  CD-12,  which  war#  preliminary  witneee  plat#  («ati. 

(b)  Teat  charge  consisted  of  two  B-in.-long  charges  placed  end-to-and. 

(c)  Teat  charge  conaisted  of  a  4-ln.-long  charge  placed  on  top  of  an  8-in. -long  charge. 

S'reak  camera  not  used. 

Tested  in  0.  023-ln.  thick  ateel  confinement. 


(d) 

(*) 

it) 


Unadulterated  PBAN  propellant  in  second-etage  Mlnuteman  chamber. 

*+  J  ateady-etate  detonation;  -  =  failing  detonation 
Numbers  in  parentheaee  Indicate  number  of  data  points  used  in  corr.outlng  average 
detonation  velocity. 
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Detonation  Velocity  vs  Distance  Along  Change  for 
n.  “Diana etex  AAB--319I  Pxop«lla.nt  Change 
<4.  75  wt  %  RDX)  irv  Test  CD-  79. 
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Figure  32. 
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Because  unanticipated  instrumentation  problems  followed  activation  of 
Test  Site  1  -36D,  very  little  blast  data  was  obtained  from  the  first  AFRPL 
tests.  A  summary  of  the  AFRPL  blast  data  is  presented  in  Table  i.  It 
should  he  emphasized  ihai  some  of  the  data  reported  in  these  tables 
(indicated  by  *)  is  considered  questionable  because  of  some  instrumentation 
malfunction  during  transfer  of  the  data  from  magnetic  tape  to  oscillo  ¬ 
graph  records.  These  magnetic  tape  records  will  be  re-evaluated  during 
the  next  fiscal  year. 

When  the  first-stage  Minuteman  chamber,  containing  Thiokol  AP-polysulfide 
propellant  without  RDX  adulterant  (see  Section  5.  1.  2.  5),  was  prepared  for 
testing  it  was  necessary,  to  remove  one  end  of  the  steel  case  (slightly 
above  the  propellant  surface)  with  linear  shaped  charge.  However,  unlike 
the  second-stage  chambers,  the  first-stage  case  did  not  have  a  rubber 
liner  and  was  then  in  almost  direct  contact  with  the  propellant.  The 
explosive  cutting  operation  was  considerably  more  hazardous  than  the 
previous  case  cutting  operations.  In  spite  of  the  precautionary  covering 
of  the  surface  of  the  propellant  grain  with  silicone  oil,  the  propellant  was 
inadvertently  ignited  during  the  third  application  of  linear  shaped  charge 
and  it  was  destroyed  by  fire.  Ignition  was  probably  caused  by  a  hot  frag¬ 
ment  from  the  jet  of  the  linear -j shaped  charge  or  by  a  spall  from  the  case. 


4.  4  THEORETICAL  PROGRAM 

In  a  previously  developed  theoretical  detonation  model  (Reference  2),  the 
energy  release  process  considered  largely  responsible  for  propagating 
detonation  in  porous  propellants  was  the  decomposition  of  the  ammonium 
perchlor"  te  oxidizer  via  a  grain-burning  mechanism  (Reference  3)  following 
ignition  of  the  AP  by  the  uniformly  distributed  shock-heated  voids  (hot 
spots)  in  a  time  that  is  very  short  compared  to  the  grain-burning  time.  It 
was  further  assumed  that  reactions  of  gasified  binder  and  aluminum  with 
oxidizer  decomposition  products  did  not  release  a  significant  amount  of 
energy  in  the  detonation  reaction  zone.  Thus,  while  the  total  detonation 
reaction  time  may,  in  principle,  be  considered  to  be  the  sum  of  the  times 
required  to  complete  the  essentially  consecutive  processes  of  initiation  of 
AP  decomposition  (t^),  AP  grain  burning  (t0),  binder  burning  (t^),  and 
aluminum  burning  (tAl).  i.  e.  , 


=  t.  +  t  +  t.  ■+  t 
l  o  b  A1 


t 


(1) 


a-*  iraH(Kiiw>frfl*0T*ffi:“'ti[T£,r'r  -  -  -j 


I 

I 


l 

I 


! 


i 

1 


I 


II 

0 
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Table  3.  (Continued). 
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C®-7*  «T4  II  >44  111 


C®*  9.19  |1. ««  Hi 


C®-A*  y*  |4a  11  1191 


CA'U  n  14  ■  M 


CA-W  1.4  IT  ■  IM 


C&.M  J.  *  14  m  H  tlU 


Ct»-M  i.l  14  a  H  MOT 


CO-U  1.4  U  ■  u  111) 


CA*«  9  ,  M  ■  U«  U«| 


C®-**  *  44  ■  111  UM 


CA-41  i.T)  III  111  21.  u| 


CA-W  4.  M  44  *  191  11.949 


CA«9I  1  71  II  » 44  19# 


CA-94  4.  U  44  a  191  11.  9TI 


CA-41  4.4  i)  a  41  411 


(11  1  I'llMh  tof 

«)  4  «'«to«k  toa 
01  Uir  ■ 


f»M4  0*4*»**«*M4  e*to  •  Oat*  4tott*e  tto  1 


TUT 


rui-o» 

T***  D*X  TfHMM  ft  »MW  • 
-211-  iJi  (41)  (441) 

?»  Ito-Qa  «#  f 

54.0 

r 


Ar*  •  II  I 


44.  4 

t 


I 


144 


Ml 

*n  •  t.  »4 

1 


II.  1 
Ar,  »  If.  ) 

00  144  II  |« 

14.  4* 
14.1* 
Ar*  •  14.  !• 

O"  144  II.  4* 

II.  t* 
If.  4* 

Arg  •  lift* 

Wa-Qa  U4  It  %• 


I 

M.  !• 

t 


1 

11.9* 


19.  *0 

I 


T 

I 

U  1 
U  I 

t 

U  4 
U.4 


A<rg  •  II.  |# 

*.44  11.9* 

I*  t* 
11.4* 
A«|>  1 1.  4* 

144  29.4* 

*4 

44  4* 

A«g  •  14.  9# 


14 


19.14 


Ar,  .  >9.14 


♦479  Ito-Qa  »*4 


14.1* 
14-4 
If.  9# 


IT. | 

44  9 
I4.| 


••  49 

I. IT 
I.  19 


t.  4) 
X  II 


!  •• 

44,1*  •• 

1  •• 

*4  l* 

I  — 

4*  44 

(  - 


44.  !•  >14 

__l  ♦♦ 

441#  114 

494  411 

41.0  U* 

_T  >• 

44.)  )M 


4.9) 

1.  IT* 

f 

1.09# 

44.  4# 
45.9 


1.  17 

1.09 

t 


10.9 
19  0 


M0 

MO 


14.1 

14.1 


41.2 

40.4 


44.1 

19.1 
IT  0 


97.  T 
47.  T 


449 

49  I 


9  .  09# 

9.  10* 
1  29 


94  9* 
91.4 


14  9* 
49.9* 
4*.  4 


(ttUuniffiliUO^ 
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Table  3.  (Continued). 


taa«  (Mtw  DU  a  LM|D 

IH  _  {*«  »)  a*-  )  fib) 

CD-74  4  71  11  a  44  171 


CO- M  4.71  II  ■  *4  M l 


CO-41  J. «  M  a  71  lift 


CO-K  I  t  14 . 44  174f 


Co-ai  ).4  17  a  144  Ml 


CO-  44  1.4  14  a  t4  1741 


CD-M  14  a  M  1147 


CO-44  14  14  a  44  till 


CO-47  i  44a  114 


CO-44  4  44  a  114 


CD-44  4.74  44a  141  11,417 


CO-44  4.44  4*  a  141  11,4 


CO-41  1.7ft  II  a  44  174 


CO-41  ill  44  a  141  11,471 


CO- 41  4.0  It  a  »1  41* 


Paa*  Oar*raaa»j*  Dau  -  Gaga  fcWa  Ha,  ) 

TIT  PaatUv*  PaaMU 

Daaaaaa  ftua-Oa  raaa-Oa  IM-Oa  Palaa 

WaiftM  T  4at  P»M  Pr  a+aaaa  Ptmmki  HapWaa  Owta. 

(14)  4*— Ha  (41  tjal)  LM*)  tpal-axaac)  4waa« 


4471  Ma-Ga  1M 


CalltaaUaa 

Taa* 


(l|  1  a'alaak  lag 

HI  4  a’.laah  lag 
(1|  l>  a'alaafc  lag 
•  Oaa  adwaHi  4au 
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Table  3.  (Continued). 


Pm*  O***  D»u  ■ 

H  pj|  *4*4  *Oi*  t  W I  -  Ol 

T*M  CM44  DU  ■  Ut|»  W***  »*■<**  T**»  *»«»*•»«  flliMT* 

He.  <U  fla. )  uai  pat  (m*u  ("i  ‘p*,)  c**4> 


»4.  M  »t  IU-  )  P*)  (HM  «44U*4 

CO-7*  4  7*  II  a  44  J7I  71  m-Orn 


CD  M  4.T»  II  a  41 


CD-I!  1.4  It  a  71  |J9> 


im  r  t 

IN 

I  I 


T  ! 

t 


CX>-M  1  I  loK  174*  794 


1.47  t 

I  t 

I  41  f 


CO-41  1.4  17  a  IM  Ml  HI*  Ga  M4  l.*M  I 

r  l.l*«  I.  7* 


CD- 44  |.4  44  a  *4  17U  T44  (to 


A**  •  I.44*  I.  ' 


1.4*4  t 

1.4*4  !.«»• 


A»|  •  1.  M*  J.  «>• 

CD-44  1.4  14  a  H  11*7  744  M-C*  V44  I  N*  1 


CO-t*  14  14*94  Kill 


O*  M*  1.1*4  f 

1-4*4  1.1* 

1.4*4  t 


CO-97  t  44*114 


CD- **  *  44*114 


4474  Ma-Ga  M*  *4 

V44« 


CO- *4  t.  71  *4  *191  11,414  4*74  (to  74*  1.7* 


CO- 99  *.**  4**191  11.9*4  1479  <to  79*  l.l* 

1.  **• 
I.  I* 


00-91  if*  11  *  44  17*  74  tU-Oc  74*  •  »«• 

#■  44 
*.  11 


CO-91  9  14  41*  >91  11.771  4*74  0*  0.  7**  1  M 


CO-91  4.*  11*41 


149  Oa  74*  4.41 

•  41 
•-44 


•  11  a  0* 


7**  *44 

4.41 
4.  4C 


*11  1  a'ctaa*  1*1 
ai  4  a’claat  la* 
|»  I*  I'tkd  La* 


•tii'diilumiiRflll 
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th«  mffmi-t ivf  total  reaction  time  for  pm uus  AP  propeiiant  is  considered 
to  be  essentially  just  the  AP  grain-burning  time, 


t  =  t  =  R  /B 
o  e 


(2) 


where  Re,  the  effective  grain  radius,  is  one-half  the  distance  between 
hot-spot  initiation  sites  (i.  e.  ,  the  shock-heated  voids)  and  B  is  the 
Arrhenius -type  rate  expression  for  the  linear  pyrolysis  kinetics  of 
AP  (References  2  and  i), 


B  =  0. 


21  T  exp 
s 


-7.1,500 
R  T 


m/  sec 


(3) 


where  Tg  is  the  surface  temperature  of  the  regressing  AP  particles. 
The  critical  diameter  of  porous  AP  propellant  was  then  calculated  by 
solving  Equation  2  in  conjunction  with  an  expression  derived  from  the 
Jones  equation  for  nonideal  c  Honation  (Reference  4),  which  relates  the 
detonation  velocity  D  of  a  charge  of  diameter  d  to  the  ideal  (maximum) 
detonation  velocity  for  a  charge  of  infinite  diameter,  and  to  the 
detonation  reaction  time,  t: 


d 


k  D  t 


T7T 


£  -  (d/d.)2J 


(4) 


4.  4.  1  Detonation  Model  for  RDX-Adulterated  Propellant 

As  in  the  previous  model  for  porous  propellant,  the  model  developed  in 
this  program  to  describe  the  nonideal  detonation  behavior  of  RDX- 
adulterated  AP-PBAN  propellant  considers  that  the  energy-release 
process  for  propagating  detonation  is  grain-burning  decomposition  of 
the  AP  oxidizer,  and  that  the  grain-burning  process  is  initiated  by 
uniformly  distributed  hot-spots  in  a  time  that  is  short  compared  with 
the  grain-burning  time.  In  the  present  case,  the  hot  spots  are  pro¬ 
vided  by  the  detonating  RDX  particles.  The  RDX  reaction  time  is  assumed 
to  be  negligible  compared  to  the  AP  decomposition  time.  The  total 
detonation  reaction  time  is  again  given  by  Equation  2.  where  the  effec¬ 
tive  grain  radius  can  be  related,  from  geometric  considerations  and 
the  fixed  binder,  aluminum,  and  total  oxidizer  content  (i.  e. ,  AP  + 

RDX)  of  the  propellants  used  in  this  program,  to  the  RDX  weight  frac¬ 
tion  and  average  RDX  particle  diameter  DX"  a8  foll°w*t 
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Consider  a  1  cc  cube  of  AP-RDX-A1-PBAN  orooellant  in  which  R  DX 
particles  of  diameter  dj^j^  an<^  volume  are  uniformly  distributed 

throughout  the  propellant  (see  Figure  35).  Let  v  be  the  volume  fraction 
of  RDX  (and  in  this  case,  also  the  total  volume  of  RDX  per  cc). 

The  number  of  particles  of  volume  v^^^  per  cc  is  then 


v  _  v 

VRDX  (47r/3)(dRDX/<03 


(5) 


and  the  distance  between  the  centers  of  the  RDX  particles  is 


(6) 


The  effective  AP  grain  radiu6  is  therelore 


(7) 


Thus,  Rfi,  and  hence  the  detonation  reaction  time  for  RDX-adulterated 
AP  propellant,  is  defined  in  terms  of  the  RDX  particle  size  and  the 
volume  fraction  of  RDX.  In  practice,  the  concentrations  of  the  various 
propellant  constituents  are  normally  expressed  as  weight  fractions. 

Using  the  relationship  between  the  volume  fraction  vj  of  the  i  th  constituent 
of  density  p^  and  the  corresponding  weight  fraction  fj. 


v.  =  f.  (-£-)  (8) 

1  1  Pi 

where  p  is  the  propellant  density  Equation  7  becomes 

R  -AES 

e  2 

where  1/p  for  a  propellant  of  n  constituents  is  given  by 


leal  Modi*i  of  RDX-Adult**rated 
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In  the  RDX-aduJterated  AP-A1-PBAN  systems  considered  in  this  program, 
the  total  oxidizer  weight  fraction  is  held  constant  as  the  RDX  content  is 
varied,  with  constant  weight  fractions  of  aluminum  and  PBAN  binder  in  all 
cases.  For  purposes  of  the  model  the  following  composition  io  assumed: 


Const  ituent 

Density 

Weight  F rac 

RDX 

1.  8 

f 

AP 

1,  95 

0.  7  -  f 

A1 

2.  7 

0.  15 

PBAN 

i.  0 

0.  15 

I  / p  is  a  function 

only  of  f  for  the  above 

general  formulation, 

Equation  9  becomes 


R 

e 


dRDX 

2 


/ 

10.  0404 


1/3 


-1 


(H) 


The  factor  0.  0404  in  Equation  11  changes  the  value  of  Re  by  less  than 
one  percent  for  values  of  f  <0.  10  {the  range  of  interest  in  the  present 
study).  Therefore  the  following  essentially  equivalent  simplified 
expression  for  Re  will  be  used  in  further  calculations 


dRDX 


By  combining  Equations  12  and  2  with  Equation  4  an  expression  relating 
the  effect  of  RDX  weight  fraction  and  particle  size  on  the  J.onideai 
detonation  behavior  of  RDX-adulterated  propellant  is  obtained.  At  the 
critical  diameter  dc  this  becomes 


(13) 
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t.  4.  i.  Test  of  Validity  of  Initial  Detonation  Model 

To  adequately  test  the  validity  uf  Equation  i3  for  predicting  the  critical 
diameter  of  RDX-adulterated  piopellant  as  a  function  of  RDX  weight 
fraction,  the  nature  of  the  variations  of  Dj,  Dc,and  with  f  must  be 
known. 


If,  as  a  first  approximation,  it  is  assumed  tliat  Dj^  and  Dc  (and  therefore 
Be.  which  is  a  function  of  Dc)  are  independent  of  RDX  concentration  in 
the  range  of  RDX  weight  fractions  of  interest  (i.  e.  ,  l  <  0.  iO)  then 
Equation  13  reduces  to 


where  kj  and  k£  are  constants. 

Equation  14  predicts  that  the  critical  diameter  of  RDX-adulterated 
propellant  should  vary  as  the  reciprocal  of  the  cube  root  of  the  RDX 
content.  In  Figure  36,  the  critical  diameter  data  have  been  plotted  in 
this  manner.  While  it  is  apparent  that  at  very  low  RDX  weight  fractions 
the  linear  relation  of  Equation  14  is  not  followed,  straight  lines  of  the 
form  of  Equation  14  can  be  drawn  between  the  "Go'1  and  "No-Go"  data 
for  0.  10  >  f  >  0.  018.  The  equation  of  one  such  line  is 


/ »\  1/3 

dC  =  153(f)  -309 


(15) 


4.  4.  3  Refined  Theoretical  Model 

The  fact  that  the  critical  diameter  data  do  not  obey  an  equation  of  the 
form  of  Equation  14  at  very  low  RDX  contents  is  not  surprising  since 
this  equation  implies  that  the  initiation  sites  are  supplied  only  by  the 
,RDX  particles.  However,  coviventionaliy  manufactured  gcod-quality 
propellants  may  be  expected  to  contain  some  small  but  finite  concentra¬ 
tion  of  minute  voids.  Also,  it  is  well  known  that  large  AP  grains  usually 
contain  many  internal  flaws  and  voids.  Equation  14  must  therefore  be 
modified  to  include  such  additional  initiation  sites.  As  a  first  approxi¬ 
mation,  the  additional  sites  may  be  considered  simply  as  an  additional 
(constant)  weight  fraction  c  of  RDX  particles, 


Figure  36.  Correlation  of  Critical  Diameter  Data  Using  Simple  Model  .Equation  15'. 
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y  a  l  _ _ ...  .  _ 

i -*  Liicrn  uc  i_  un  it;  a 


d 

c 


(16) 


where  the  constants  k3  and  may  not  be  identical  with  the  corresponding 
constants  of  Equation  14.  A  combination  of  the  se- constants  that  makes 
Equation  16  consistent  with  all  the  critical  diameter  data  for  propellants 
with  f  _<  0.  10  was  found  by  trial  and  error.  The  resulting  expression 
is 


d 

c 


(17) 


The  agreement  of  Equation  17  wiLh  the  critical  diameter  data  is  illustrated 
in  Figure  37. 


4.  4.  4  Evaluation  of  Parameters  of  Refined  Model 


While  Equation  17  is  consistent  with  critical  diameter  data  for  f  <  0.  10, 
it  loo  is  based  on  the  assumption  that  Dj,  Dc,  and  Bc  are  independent  of 
f  in  this  range  of  RDX  weight  fractions.  To  determine  if  the  theoretical 
expression  of  Equation  13,  as  modified  by  inclusion  of  the  factor  0.  003 
to  account  for  initiation  sites  other  than  RDX  particles,  i.  e.  , 


(18) 


will  describe  the  detonation  characteristics  of  RDX-aduiterated  propellants 
when  Dp  Dc,  and  Bc  are  functions  of  f,  an  attempt  was  made  to  estimate 
these  functions. 


0.024 


0.011 


0.0073 


0.0050 


0.10  0.0»  0.0*75  0.0475 

Figure  37. 


0.034 


Correlation  of  Critical  Diameter  Data  Using 
Refined  Model  {Equation  17). 
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4.  4.  4.  1  Ideal  Detonation  Velocity 

Di  can  be  calculated  using  the  expression  of  Andersen  and  Parlin 
(Ref~rer.ce  5): 


D.2  =  8. 368  x  103  y  (y  +  2)  Q  (19) 

i  g  g 

where  Yg  is  the  Gruneisen  parameter  and  Q  is  the  heat  of  detonation. 
The  Gruneisen  parameter  is  calculated  by  the  expression  of  Miller 
(Reference  6) : 


Z  fn.  (a  •  r  ).  I 

v  -  .  _L1  e  11 

Yg  ■”  2  t  n. 


(20) 


where  nj  is  the  number  of  atoms  of  the  ith  kind  and  (a  ■  re)^  are  the  Morse 
potential  parameters  for  the  various  atoms.  The  heat  of  detonation  is 
considered  to  be  the  sum  of  the  heats  of  explosion  of  RDX  and  AP  and  the 
heat  of  combustion  of  the  binder  in  the  oxygen  furnished  by  decomposition 
of  the  AP.  Di  was  found  to  vary  essentially  linearly  with  RDX  weight 
fraction.  The  following  best-fit  relationship  of  the  calculated  values 
represents  the  variation  of  with  RDX  weight  fraction  for  values  of  f 
between  0  and  0.  7  with  a  maximum  deviation  of  40  m/sec  / 

D.  =  6700  -  500  f,  m/ sec:  0  <  f  <  0.7  (21) 


Equation  21  is  in  opposition  to  the  intuitively  expected  increase  in 
with  increasing  RDX  content.  This  results  from  the  fact  that,  since  the 
total  oxidizer  (AP  +  RDX)  is  maintained  constant  as  f  is  varied,  the 
amount  of  oxygen  available  for  binder  burning  decreases  as  the  RDX 
content  increases.  The  net  value  of  Q,  and  therefore  of  D^,  decreases 
with  increasing  f. 

4.  4.  4.  2  Critical  Detonation  Velocity 

Certain  features  of  the  test  program  prevent  the  accurate  determination 
of  Dc  as  a  function  of  f.  These  are: 

a.  With  the  exception  of  the  tests  with  propellant  containing  i6  wt  % 
RDX,  an  appreciable  gap  in  diameter  existed  between  the  largest 
subcritical  and  the  smallest  supercritical  samples  ot  each  form 
ulation  (in  some  cases  only  one  test  was  performed  with  a  given 
propellant  composition). 
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b.  The  considerable  scatter  noted  in  the  data  even  for  a  given 
diameter  of  one  propellant  formulation  indicated  that  the 
detonation  velocity  vs  diameter  curve  could  not  be  assumed  to 
necessarily  pass  through  any  of  the  limited  number  of  data 
points  obtained  for  the  propellants  of  low  RDX  content. 

Because  of  these  uncertainties,  the  average  detonation  velocity  Dc  at 
the  critical  diameter  of  each  of  the  formulations  tested  was  estimated 
as  follows: 

a.  All  of  the  average  steady  state  detonation  velocity  vs  diameter 
data  of  Table  2  was  plotted  on  a  single  graph  (Figure:  38). 

b.  The  lower  limit  of  each  detonation  velocity  vs  diameter  curve 
is  shown  on  the  graph  by  either  a  solid  vertical  line  (the 
largest  subcritical  sample  tested  with  the  particular  formu¬ 
lation)  or  by  a  dashed  vertical  line  (the  value  of  the  critical 
diameter  calculated  by  means  of  Equation  17). 

c.  Eye-fit  curves  for  the  variation  of  detonation  velocity  with 
charge  diameter  were,  drawn  through  the  field  of  data  points  for 
each  formulation-.  Since  inspection  of  all  the  plotted  data  points 
indicated  that  the  general  slope  of  the  collection  of  data  points 
was  steepest  for  the  propellant  containing  the  largest  amount 
of  RDX  (  f  =  0.  16)  and  decreased  with  decreasing  f,  this 
observation  was  used  as  a  guide  in  positioning  the  curves. 

d.  The  intersection  of  the  average  detonation  velocity  vs  diameter 
curves  with  the  dashed  vertical  lines  representing  the  calculated 
values  of  the  critical  diameter  for  f  <  0.  10  or  with  the  solid 
vertical  lines  representing  the  largest  subcritical  sample  tested 
for  f  =  0.  12  and  0.  16  was  considered  to  be  Dc  for  the  particular 
formulation. 

By  plotting  the  estimated  values  of  Dc  for  each  value  of  f  and  drawing 
an  eye-fit  curve  through  the  points,  a  graphical  function  for  Dc  vs  f  is 
obtained.  The  resulting  curve  is  shown  in  Figure  39. 
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A.  4  4.  C'/itiral  AP  rtnaay  R  rvn  D  ato 

By  combining  a  previously  de ■/eloped  relation  (Reference  2)  between 
Ta  and  D 


T  -  1824  +  18.  4  p  D  2  -  0.  137  p  2  Dc4,  °K  (22) 

8  o  .  O'" 

with  Equation  3,  Bc  can  be  related  to  E>c  and  hence  to  f  through  the 
graphical  function  for  Dc  vs  f. 


4.  4.  5  Test  of  Validity  of  Refined  Detonation  Model 

(Variable  D.,  D  ,  and  B  ) 

1C  c 

Equation  18,  derived  largely  from  theoretical  considerations,  may  be 
rewritten  as 


where 


and 


Let 


d 

c 


D 


m 


Bc  ] 


A 


C 


B 

c 


B-'W] 1,z 


g(f> 


(23) 

(24) 

(25) 

(26) 


Now  Equation  23  will  be  of  the  form  of  Equation  17,  which  has  been 
shown  to  be  consistent  with  all  critical  diameter  data  for  f  <  0.  10, 
only  if  the  function  g(f),  containing  the  estimated  functions  vs  f, 
(Equation  18J^  Dc  vs  f  (Figure  39),  and  Bc  vs  f  (Equations  3  and  22, 
together  with  Figure  39)  is  a  constant.  In  Table  4,  the  calculated  value 
of  g(f)  for  values  of  f  between  0.  16  and  0.  00375  are  presented.  It  is 
seen  that  for  f  <  0.  10,  g(f)  is  essentially  a  constant,  with  the  maximum 
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Table  4.  Evaluation  of  g(f)  for  RDX  Contents  Between 
0.  375  and  16  wt  %. 


RDX 

Weight 

F  raction 
f 

Propellant 

Density 

Po 

(g/cc) 

Critical 

Detonation 

Velocity 

Dc 

(m/  sec) 

Surface 

T  emperature 

of  Grain- 

Burning  AP 

T 

A  s 

(°K) 

Critical 

Linear 

Regression 

Rate 

Bc 

(m/  sec) 

Ideal 

Detonation 
V eiocity 
^i 

(m/  sec ) 

& 

HI 

0.  16 

1.  751 

4900 

2355 

4.  995 

6620 

1460 

0.  12 

1.757 

45C0 

2305 

4.  405 

6640 

1389 

0.  10 

1.  759 

4300 

2277 

4.  1 12 

6650 

1370 

0.  09 

> .  760 

4220 

2266 

4.  045 

6655 

1350 

C.  0675 

1.  764 

4065 

2244 

3.  817 

6666 

1344 

0.  0475 

1.  766 

3955 

2228 

3.649 

6676 

1346 

0.  04 

1. 767 

3920 

2223 

3.  595 

6680 

1346 

0.  02 

1.770 

3840 

2211 

3.  482 

6690 

1346 

0.  01 

1.771 

3805 

2206 

3.  428 

6695 

1350 

0.  00375 

1. 772 

3300 

2205 

3.  427 

6698 

1346 
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ana  minimum  values  differing  by  less  than  2%.  Since,  with  constant 
g(f)  Equation  23  becomes  essentially  identical  with  the  experimentally 

-  4  l*r  4a  ^  m  l_  .  ..1?  j  r .  .  <■  i  .  I  ,  »  a 

k.wawA»si.«ib  ^^uttnun  t  l  f  at  tUU  will  UC  VdUU  1U1  l-VdlUO  UCIWCCU  V>  ,  A  U 

and  0.  00375  (the  mid-value  of  f  for  the  subcritical  and  supercritical  48-in. 
diameter  samples  with  f-values  of  0.  0025  and  0.  0050  respectively). 

Having  established  the  essential  constancy  of  g(f),  the  correctness  of 
the  geometrical  factor  (0.  534)73  in  Equation  18  may  also  be  determined. 

From  Equations  24  and  25, 

=  (0.  534)1/3  (27) 


but,  from  Equations  17  and  23 
A  g(f)  =  15.  3 


C  g(f)  =  30. 4 


so  that 

~=  0.5033  =  (0.  1275)1/3  (30) 

V 

Since  Equations  28  and  29  are  consistent  with  the  experimental  critical 
diameter  data  for  f  <  0.  10,  it  is  concluded  that  the  correct  value  of  the 
geometrical  factor  to  be  used  in  Equation  18  is  (0.  1275)73_  The  final 
form  of  the  theoretical  detonation  model  is  therefore 


J^RDX)-.  /0.  1275\ 
=  V  2  /  Dc  ;  (F-’-O.  003  j 

bc[‘-(vd)2]‘/2 


1/3  1 


which  is  identical  with  Equation  17,  1.  e.  , 


V 

\f+0.  003/ 


-30.  4 
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when  C  =  Z)  *  2. 252  x  10"^  (see  Equations  25  and  29)  and  when 

Dj.  D„»  and  Bc  either  aecume  their  estimated  functional  forms  or  where 
the  combined  function  g(f)  =  1350  (f<  0.  10). 


4.  4.  6  Predictions  of  the  Refined  Theoretical  Model 

Equation  31  or  its  equivalent,  Equation  17,  may  now  be  used  to  estimate 
the  critical  diameter  of  RDX-adulterated  AP-PBAN  propellant  as  a  func¬ 
tion  of  f.  as  well  as  the  critical  diameter  of  unadulterated  AP-PBAN  pro¬ 
pellant.  The  results  of  theBe  calculations  are  summarized  in  Table  5.  In 
Figure  40,  the  calculated  critical  diameters  are  compared  with  the  experi¬ 
mentally  determined  critical  diameter  ranges  for  the  propellants  tested 
on  this  program. 


4.  4.  7  Critique  of  the  Refined  Theoretical  Model 

A  comparison  of  the  experimental  critical  diameter  data  with  the  calculated 
values  of  critical  diameter  over  *he  entire  range  of  RDX  contents  employed 
in  this  study  lends  considerable  support  to  the  basic  assumptions  of  the 
theoretical  model  as  to  the  important  physical  and  chemical  processes 
involved  in  propagating  detonation  in  RDX-adulterated  AP-PBAN  propellants. 

First,  even  the  simple  detonation  model,  in  which  the  effective  AP  grain 
radius  (and  hence  the  detonation  reaction  time  and  critical  diameter)  is 
proportional  to  (1/f)  predicts  values  of  the  critical  diameter  in  agree¬ 
ment  with  the  experimental  data  over  a  considerable  range  of  RDX  contents 
(0.  10  >f  >  0.  018).  This  suggests  that,  for  this  region  of  f-vMues,  the 
assumption  that  AP  grain  burning  is  the  predominant  energy-release  process 
in  the  detonation  reaction  zone  is  a  reasonable  one. 

Second,  the  fact  that  an  increasing  disparity  exists  between  the  calculated 
critical  diameter  and  the  experimental  data  for  f  >  0.  10  is  in  itself  supporting 
evidence  for  the  grain-burning  mechanism.  In  the  detonation  model  the 
effective  AP  grain  radius  (i.  e.  ,  half  the  calculated  distance  between  uniformly 
distributed  RDX  particles  in  a  continuous  AP  matrix)  can  decrease  with 
increasing  RDX  content  until  each  RDX  particle  is  in  contact  with  its 
neighbors  (i.  e. ,  Re  =  o),  while  in  the  real  situation  there  will  be  some  RDX 
level  at  which  Re  will  equal  the  average  AP  grain  radius  and  any  further 
decrease  in  Re  with  increasing  RDX  content  will  be  prevented  by  the  AP 
particles.  For  the  propellants  tested  in  this  program  this  apparently  occurs 


0866  01£01)FP 
Page  '  0 


Table  5.  Calculated  Values  of  the  Critical  Diameter  of  RDX-Adulterated 
PBAN  Propellant  of  0  sf  *0.  16,  Using  Refined  Model. 


RDX 

Weight 

Fraction, 

i 


il/3 


f  +  0.  003 


Critical 

Diameter 


dc 

{m.  ) 


0.  \z 

L.  013 

0.  4 

0.  11 

2.  068 

1.  3 

0.  105 

2.  100 

1.  8 

0.  10 

2.  133 

2.  3 

0.  09 

2.  207 

3.4 

0.  08 

2.  293 

4.  7 

0. 0675 

2.  420 

6.  6 

0.06 

2.  512 

8.  0 

0. 0475 

2.  705 

11.  1 

0.  04 

2.  852 

13.  3 

0.  034 

3.  000 

15.  5 

0.  024 

3.  332 

20.  6 

0.  02 

3.  513 

23,  5 

0.  01 

4.  253 

34.  7 

0. 0073 

4.  600 

40.  0 

0.  0050 

5.  000 

46.  1 

0. 00375 

5.  290 

50.6 

0, 0025 

5.  6S6 

56.  5 

0. 0010 

6.  300 

66.  1 

0 

6.  930 

75.  6 
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w'ncn  1  *0.  10.  Grain-burning  at  higher  RDX  levels  would  therefore  occur 
at  an  essentially  constant  grain  radius,  but  with  an  increase  in  tlw  number 
of  PDX  p* rticlss  surrounding  ea^L  grain.  If  the  excess  KUJt  particles 
on  the  surface  of  the  grains  did  not  affect  the  grain-burning  process,  the 
critical  diameter  would  be  expected  to  remain  essentially  conctant.  The 
fact  that  the  critical  diameter  actually  decreases  slowly  for  f  >  0.  10 
(dashed  curve  of  Figure  40)  suggests  that  the  energetic  decomposition  of  the 
high  concentration  of  RDX  particles  around  each  AP  grain  results  in  a 
higher -than -normal  linear  regression  rate  for  the  outer  portion  of  the 
grains.  This  leads  to  a  somewhat  shorter  total  grain-burning  time  and 
hence  a  somewhat  smaller  critical  diameter  than  would  have  resulted  liad 
there  been  no  perturbation  of  the  AP  grain-burning  process  by  the  decom¬ 
posing  RDX  particles. 

Third,  the  need  to  account  for  the  initiation  sites  that  will  be  present  in 
good-quality  propellant,  even  without  RDX  adulterant,  was  anticipated 
from  available  evidence  on  the  occurrence  of  flawB  and  voids  in  large  AP 
grains.  The  fact  that  the  simple  model  (Equation  15)  failed  at  lower  values 
of  f  (where  the  additional  initiation  sites  become  an  increasingly  large 
fraction  of  the  total  number  of  sites),  but  could  be  successfully  modified 
by  including  a  term  to  account  for  such  additional  initiation  sites,  supports 
the  original  assumption  that  a  grain-burning  mechanism  is  largely  respon¬ 
sible  for  propagating  detonation  in  these  propellants. 

An  important  implication  of  the  need  for  an  additional  parameter  in  the 
model  to  account  for  such  voids  and  flaws  is  that  the  critical  diameter  of 
conventionally -manufactured  Class  II  propellants  will  be  a  rather  sensitive 
function  of  the  propellant  quality,  i.  e.  ,  of  the  number  and  size-distribution 
of  flaws  introduced  into  the  propellant  grain  either  during  manufacture  or 
during  handling  and  storage. 
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CRITICAL  GEOMETRY  PROGRAM 


5.  1  OBJECTIVES 

The  objective  of  Task  B  was  to  develop  a  reliable  theory  of  critical  geo¬ 
metry  for  predicting  the  conditions  under  which  detonation  could  take  place 
in  non-right-solid-cylindrical  systems.  Specifically,  this  task  was  divided 
into  two  phases: 

a.  Determine  the  critical  dimensions  for  the  sustainment  of 
detonation  of  various  (nonperforated  and  perforated)  ohapes. 

b.  Determine  an  initiation  criterion  and  demonstrate  the 
applicability  of  thio  criterion  in  predicting  the  detona¬ 
tion  of  nonperforated  and  perforated  cylinders  using 
various  size  cylindrical  donors  at  various  locations. 

The  first  objective  was  studied  with  a  previously  developed  RDX-wax  explo¬ 
sive  with  a  critical  diameter  of  approximately  1-1  /id  in.  as  well  as  a  PBAN- 
RDX  propellant  with  a  critical  diameter  of  approximately  3  in.  The  second 
objective  was  studied  v/ith  the  PBAN-RDX  propellant  only. 


5.2  THEORY 

The  current  theory  of  critical  geometry  is  presented  in  detail  in  Appendix  A 
of  thiB  report.  However,  a  brief  summary  of  the  main  features  of  theory  is 
useful  in  understanding  the  objectives  and  results  of  the  current  program. 

The  critical  geometry  theory  determines  the  detonability  of  a  given  system 
formulation  by  answering  the  twc  questions: 

a.  I'J  the  given  configuration  capable  of  supporting  detonation? 

b.  If  the  configuration  is  capable  of  supporting  detonation,  are 
sufficient  (shock)  forces  available  to  initiate  detonation? 

The  first  question  is  answered  by  analyzing  the  gains  and  losses  of  energy 
in  a  detonation,  and  by  geometrical  reasoning  developing  a  "critical"  con¬ 
dition  for  any  configuration,  expressed  as  a  simple  algebraic  equation. 

This  equation  relates  the  critical  dimensions  of  any  shape  to  the  critical 
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diameter  of  a  right-solid  cylinder,  and  determines  if  it  is  capable  of  deto¬ 
nation.  Applying  this  equation  to  various  shapes  (nonperforated  and  per¬ 
forated)  gives  the  results  shown  in  Figures  41  and  42. 

The  second  question  is  partly  answered  by  considering  the  parameter 
(shock  pressure)  most  important  in  causing  shock- initiated  detonation, 
assuming  that  the  minimum  shock  pressure  required  to  initiate  detonation 
is  independent  of  shape  but  varies  with  size,  and  then  postulating  an  "ini¬ 
tiation  criterion"  (a  property  of  the  given  material)  expressed  in  terms  of 
shock  pressure.  The  second  question  is  then  fully  answered  by  considering 
this  "initiation  criterion"  and  determining  if  the  shock  input  from  a  given 
stimulus  meets  the  requirement  of  the  criterion.  If  so,  initiation  of  deto¬ 
nation  takes  place. 


5.3  TECHNICAL  DISCUSSION 

During  this  program,  an  experimental-theoretical  program  was  carried  out 
to  evaluate  the  current  theory  of  critical  geometry  (Appendix  A).  In  con¬ 
ducting  the  experimental  program  seven  batches  of  RDX-wax  explosive  were 
cast  and  93  critical  geometry  tests  performed  whereas  three  batches  of 
PBAN-RDX  propellant  were  cast  and  77  critical  geometry  tests  performed. 
The  remaining  27  tests  made  were  for  exploratory  purposes  and/or  calibra¬ 
tion  purposes  only. 

In  conducting  the  theoretical  program,  the  fundamental  assumptions  under¬ 
lying  the  current  theory  of  critical  geometry  were  examined  in  light  of  the 
results  obtained  in  the  experimental  program. 


5.  3.  1  Experimental  Studies 

An  outline  of  the  test  plan  of  the  experimental  program  is  shown  in  Table  6, 
where  the  explosive  used  and  the  number  of  tests  performed  is  indicated. 
For  convenience,  the  program  was  divided  into  the  subtasks  listed. 

Because  many  instrumented  tests  were  required,  a  specific  test  site. 
Aerojet's  Chino  Hills  Laboratory,  was  selected  and  secured  for  this  pro¬ 
gram.  This  site  has  facilities  for  using  high-speed  framing  and/or  streak 
cameras  and  rasteroscillograph  techniques. 
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Figure  41.  Critical  Dimensions  of  Various  Shapes  -  Nonperf orated  Grains 
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Figure  42.  Critical  Dimension*  of  Yarious  Shapes  -  Perforated  Grains. 
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Table  6.  Experimental  Program  Outline. 


Sub- Ta sk  and  Description 

B.  1  Preliminary  Tests 

B.  2  Sustainment  of  Detonation 

B.2.1  Nonperforated  Shapes 

B.  2. 1. 1  Circle 

B.  2.1.2  Square 

B.  2.  1.3  Rectangle 

E.  2,1.4  Equilateral  Triangle 

B.  2.  2  Perforated  Shapes 
B.  2.  2.  1  Circular  Core 
B.  3  Sustainment  of  Detonation 
B.  3.  i  Nonperforated  Shapes 
B.  3. 1.  1  Circle 

B.  3.  1.  3  Equilateral  Triangle 

B.  3.  2  Perforated  Shapes 

B.  3.2.  1  Circular  Core 

B.  3.  2.  2  Cross  Core 

B.  4  Initiation  of  Detonation 
B.  4.  1  Sensitivity  Measurements 

B.  4.  1.  1  Initial  Shock  Pressure 
3.  4.  1.  2  Shock  Attenuation 

B.  4.  1.  3  Hugoniot  Measurements 

B.  4.1.3  Initiation  Criterion 

B.  4.  2  Attenuation  Properties 

B.  4.  2,  1  Nonperforated  Shapes 

4.  2.  1.  1  Axial,,  End  Donor 
B.  4.  2.  1.  3  Side  Donor 
.  B.  4.2.2  Perforated  Shapeu 

B.4.  2.  2.  2  Nonajcial,  End  Donor 
B .  4.  2.  2,  3  Side  Donor 


B.  3.  i 
B.3.  1.  1 


B.  3.  2 
B.  3.2.  1 
B.3.2.2 


B.4.  1 
B.4.  1.  1 


B.4.  1.  3 
B.  4.  1.  3 


.  B.  4.2.2  ] 

B.4.2.  2.2 


RDX-Wax,  Composition  B 


RDX-Wax 


RDX-Wax 

PBAN-RDX 


PBAN-RDX 

PBAN-  RDX,  Composition  B 
PBAN-RDX 
I  LAN-KjJX 


PBAN-RDX 

Total  Number  of  Tests 


Number  of 
Te  ats 
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5.  3.  1.  1  Sustainment  of  Detonation 

During  this  program,  113  sustainment  of  detonation  tests  were  performed 
with  RDX-wax  and  PBAN-RDX  explosive.  In  each  test,  the  determination 
of  a  steady  detonation  ("Go")  or  a  transient  detonation  ("No-Go")  was  based 
on  a  careful  reduction,  examination^ and  evaluation  of  the  reaction  velocity- 
distance  data  generated  by  the  streak  camera  and/or  ra steroscillograph 
system,  as  well  as  the  witness  plate  test  result  classification  illustrated  in 
Figure  43.  The  range  of  critical  dimensions  was  determined  from  the  test 
dimensions  below  which  there  were  no  move  "Go's"  and  the  test  dimensions 
above  which  there  were  no  more  "No-Go's.  " 

5.  3.  1.  1.  1  RDX-Wax  Explosive  (Subtaak  B.  2) 

Although  considerable  difficulty  was  encountered  in  obtaining  samples  of 
adequate  quality  of  RDX-wax  explosive,  careful  examination  and  reduction 
of  the  test  records  showed  that  useful  results  were  oblained. 

a.  Nonperforated  Shapes  (Subtask  B.  2.  1) 

For  nonperforated  shapes,  the  shapes  considered  were  the  circle,  square, 
rectangle,  and  equilateral  triangle  (Subtasks  B.  2.1.1,  B.  2.  ! .  2,  B.  2.  1.  3, 
and  B.2.  1.4  respectively).  The  objective  of  each  subtask  was  to  determine 
the  critical  dimensions  of  the  particular  shape.  The  prediction  of  the  cur¬ 
rent  theory  of  critical  geometry  for  each  shape  is  shown  in  Figure  44. 

(1)  Critical  Diameter  (Circle)  Tests  (Subtask  B.  2.  1.  1) 

The  results  of  39  critical  diameter  tests,  using  samples  from 
five  batches  of  RDX-wax  explosive  (containing  30.  75%  RDX) 
are  shown  in  Table  7.  The  subtask  involved  is  indicated  by 
the  test  number. 

The  test  setup  is  illustrated  in  Figure  45.  A  high  degree  of 
certainty  is  placed  on  most  of  the  determinations  in  Table  7. 

However,  whore  evidence  for  the  particular  judgement  was 
subject  to  any  doubt,  a  question  mark  was  placed  next  to  the 
Go,  No-Go  determinations. 


TYPE 


RESULT 


NO  CENT 


smooth  dent 

W.THOUT  SPALL 


smooth  dent 

WITH  SPALL 


SHARP-  EDGE 
DENT  WITHOUT 
SPALL 


SHARP  EDGE 
DENT  Wl  TH 
SPALL 


SHARP  EDGE 
DENT  AND  HOLE 
WITHOUT  SPALL 


L_ 


SHARP  EDGE 
DENT  AND  HOLE 
WITH  SPALL 


L 


PUNCH 


Figure  43.  Witness 


0666-01;01)FP 
Page  79 


Test  Result  Classification. 


I - 1 
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Figure  44.  Critical  Dimension*  of  Variou*  Shape*  from 
Critical  Geometry  Theory. 
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sc  =  streak  camera  (Beckman  «nd  Whitley  Model  194) 
♦♦♦♦See  Figure  43 
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The  results  for  Batches  3,  4,  5,  and  6  were  analyzed  by 
the  scheme  shown  in  Figure  46  which  ib  a  plot  of  the  num¬ 
ber  of  Go's  and  No-Go’s  vf  charge  diameter.  Batcheo  1 
and  2  contained  31.  5%  RDX  and  were  used  only  for  the 
preliminary  tests.  The  Go,  No-Go  determinations  with 
question  marks  in  Table  7,  are  identified  by  open  boxes 
in  Figure  46.  The  results  in  Figure  46  show  that  the 
critical  diameter  dc  of  Batches  3  and  4  RDX-wax  explo¬ 
sive  is  between  1.  63  and  1.  88  in.  while  that  of  Batches 
6  and  6  is  between  1,3  8  and  1.  63  in.  It  may  be  noted  that 
the  results  for  Batches  3  and  4  and  for  Batches  5  and  6 
are  consistent  with  each  other  and  could  be  respectively 
combined.  The  difference  in  critical  diameter  between 
these  groups  is  expected  because  the  latter  group  was 
prepared  using  vacuum  melt  procedures  which  resulted 
in  higher  densities. 

(2)  Critical  Square  Tests  (Subtask  B.  2.  1.  2) 

The  results  of  16  critical  square  tests  using  samples  from 
two  batches  of  RDX-wax  explosive  are  shown  in  Table  8. 

The  subtask  involved  is  indicated  by  the  test  number.  The 
test  setup  used  is  <hown  in  Figure  47.  An  analysis  of 
these  resul  s  is  shown  in  Figure  48  which  is  a  plot' of  the 
number  of  C-o’s  and  No-Go's  vs  charge  diameter  for  RDX- 
wax  batches  4  .and  6.  Again,  the  tests  with  question  marks 
in  Table  8  are  indicated  by  open  boxes  in  Figure  48.  The 
results  in  Figure  48  indicate  that  the  critical  square  side 
bc  of  Batch  4  RDX-Wax  explosive  is  between  1.13  and 
1.2b  in.  These  figures  are  below  those  predicted  from 
the  current  critical  geometry  theory,  so  there  is  a  need 
of  a  downward  correction. 

(3)  Critical  Rectangle  Tests  (Subtask  B,2.  1.  3) 

The  results  of  eight  critical  rectangle  tests  using  samples 
from  Batch  6  RDX-wax  explosive  are  shown  in  Table  9.  The 
test  setup  is  shown  in  Figure  49*  The  analysis  of  these  re¬ 
sults  was  carried  out  in  a  manner  similar  to  the  previous 
tests  and  is  shown  in  Figure  50.  The  results  in  Figure  50 
show  that  the  critical  rectangular  thickness  tc  of  Batch  6 
RDX  -wax  explosive  is  probably  less  than  or  equal  to  1 .  0  in. 
because  all  charges  detonated.  This  result  is  consistent 
with  the  above  result  in  that  it  is  somewhat  below  the  value 
predicted  by  theory. 
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(4)  Critical  Equilateral  Triangle  Tests  (Subtask 
B. 2. 1.4) 

The  results  of  three  critical  equilateral  triangle  tests  using 
samples  from  Batch  6  RDX-wax  explosive  are  shown  in 
Table^lQ.  The. test  setup  used  is  shown  in  Figure  51  and 
the  analysis,  of  the -results  is  shown  in  Figure  52.  Because 
of  limited  datn ,  ho  specific  conclusions  were  drawn  but  it 
is  probable  that  the  critical  equilateral  trinagular  base  bc' 
of  Batch  6  RDX-wax  explosive  is  less  than  or  equal  to 
2.  5  in.  because  the  three  charges  apparently  detonated. 

b.  Perforated  Shapes  (Subtask  B.2.Z) 

The  perforated  shape  consider ed  was  the  circular-core  cylinder  (Subtask 
B.  ?..  2.  1).  The  objective  of  this  subtask  was  to  determine  the  critical  out¬ 
side  diameter  for  a  fixed  inside  diameter.  The  prediction  of  the  current 
theory  for  circular  core  cylinders  is  shown  in  Figure  44. 

Critical  Circular-Core  Cylinder  Tests  (Subtask  B.  2.2.  1) 


The  results  of  nine  critical  circular-core  cylinder  tests 
using  samples  from  Batch  6  RDX-wax  explosive  are  shown 
in  Table  11.  The  teat  setup  is  shown  in  Figure  53. 

When  the  central  cavity  was  left  empty,  a  jet  was  produced 
that  punched  the  witness  plate.  Since  such  a  jet  would  ob¬ 
scure  the  witness  plate  result  whether  the  charge  detonated 
or  not,  a  filler  material  was  sought  that  would  attentuate 
the  jet  and  still  provide  little  confinement.  These  included 
a  dry  soil,  Cab-O-Sil,  and  dry  casting  plaster.  It  was  found 
that  only  the  soil  and  plaster  were  effective  in  eliminating 
witness  plate  damage.  But,  because  it  was  also  noted  that  none 
of  the  witness  plates  were  damaged  in  any  of  these  tests,  it 
might  be  concluded  that  all  the  samples  did  not  sustain  deto¬ 
nation.  However,  from  a  study  of  central  cavity  jetting  by 
Sultanoff  (Reference  7)  and  a  careful  examination  of  the  streak 
camera  records,  it  was  possible  to  explain  why  no  dents 
occurred  and  to  make  a  determination  of  which  charges  did 
or  did  not  detonate.  On  this  basis  the  results  were  estab¬ 
lished  as  shown  in  Table  11.  The  analysis  of  these  results  is 
shown  in  Figure  54,  where  it  is  indicated  that  the  critical 
circular-ccre  outside  diameter  doc  of  RDX-wax  explosive  is 
between  2.  38  and  2.  50  in. 
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Flgur.  51.  Te.t  Satap  -  Critical  Equilateral  Triangle  Te«t». 


Figure  52.  Analysis  of  Critical  Equilateral  Triangular 
Tests  -  RJDX-Wax. 
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Figure  54.  Analyaia  of  Critical  Circular  Core 
Cylinder  Teat*  -  RDX-Wax. 
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5.  3  1.  1.2  PBAN-R  DJC  Explosive  (Subtask  B.  3) 

Became  of  the  uniformity  and  reproducibility  of  the  PBAN-RDX  exploeive 
samples  received,  excellent  results  were  obtained  in  this  part  of  the  pro¬ 
gram  . 


a.  Nonperforated  Shapes  (Subtask  B.  3.  1) 

The  shapes  considered  among  nonperforated  shapes  were  the  circle  (Sub¬ 
task  B.  3.  1.  1)  and  the  equilateral  triangle  (Subtask  B.  3.  1.  3).  The  objective 
of  each  subtask  was  to  determine  the  critical  dimensions  of  the  particular 
shape.  The  prediction  of  the  current  theory  of  critical  geometr'-  for  these 
shapes  is  shown  in  Figure  44. 

(1)  Critical  Diameter  (Circle)  Tests  (Subtask  B.  3.  1,  1) 

The  results  of  19  critical  diameter  tests  using  samples  from 
three  batches  of  PBAN-RDX  explosive  (containing  9- 20%  RDX) 
are  shown  in  Table  12.  The  test  setup  in  each  case  is  the 
same  as  shown  in  Figure  45  except  that  a  vvooden  block  was 
not  used  and  the  donor  charge  was  a  1/2-in.  by  1/2-in.  C-4 
high  explosive  pelletl  As  in  the  RDX-wax  tests,  question 
marks  were  placed  next  to  those  determinations  where  the 
evidence  was  in  any  doubt.  The  other  determinations  are 
considered  highly  reliable. 

The  results  shown  in  Table  13  were  analyzed  by  the  scheme 
in  Figure  55.  Those  results  with  question  marks  in  Table  12 
are  indicated  by  the  open  boxes  in  Figure  55.  From  Figure 
55,  it  was  tentatively  concluded  that  the  critical  diameter 
dc  of  Batch  1  of  this  material  is  between  2.  56  and  2.  80  in. 

It  may  be  noted  that  the  individual  results  for  Batches  2 
■A  and  3  are  consistent  with  each  other  and  with  those  for 
3atch  1.  For  this  reason  the  critical  diameter  of  these 
batches  was  assumed  to  be  the  same  as  for  Batch  1. 

(2)  Critical  Equilateral  Triangle  Tests  (Subtask  B.  3.  1.  3) 

The  results  of  six  critical  equilateral  triangle  tests  using 
samples  from  Batch  2  PBAN-RDX  explosive  are  shown  in 
Table  13.  The  test  setup  is  the  same  as  that  shown  in  Fig¬ 
ure  51  except  that  a  C-4  donor  was  used.  The  analysis  of 
the  results  is  shown  in  Figure  56.  The  result  is  somewhat 
below  the  value  predicted  by  current  theory. 
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Figure  56.  Analysis  of  Critical  Equilateral  Triangle 
Teste  -  PBAN-RDX. 
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K  pAr  fnva  ShanAB  (S'ibtisk  B.  3.  Z) 

The  perforated  shapes  considered  were  the  circular-core  cylinder  (Sub¬ 
task  B.  3.  2.  1 )  and  the  cross  -core  cylinder  (Sub task  B.  3. 2.  2).  The  objec¬ 
tive  of  each  subtask  was  to  find  the  critical  outside  diameter  of  the  shape  for 
a  fixed  inside  dimension.  The  prediction  of  the  current  theory  for  circular - 
and  cross-core  cylinders  is  shown  in  Figure  44.  As  discussed  earlier,  the 
jet  formed  in  the  central  cavity  of  hollow  core  charges  made  it  difficult  to 
distinguish  between  a  Go  and  No-Go  in  a  particular  test.  However,  improve¬ 
ments  in  the  test  setup  and  careful  examination  of  the  streak  camera  and 
rasteroscillograph  records  made  this  determination  possible. 

(1)  Critical  Circular-Core  Cylinder  Tests  (Subtask  B.  3.  2.  1) 

The  results  of  four  critical  circular-core  cylinder  tests  using 
samples  from  Batch  3  PBAN-RDX  explosive  are  shown  in 
Table  14.  The  test  setup  for  the  first  two  tests  (B.  3.  2.  1.  1 
and  B.  3.2.  1. 2)  is  shown  in  Figure  53  whereas  the  test  setup 
for  the  remaining  two  tests  is  shown  in  Figure  57.  The  analy¬ 
sis  of  the  results  in  Table  14  is  shown  in  Figure  58.  Because 
of  limited  data  no  specific  conclusions  were  made  but  the  indi¬ 
cation  was  that  the  critical  circular -core  outside  diameter  d0c 
of  PBAN-RDX  explosive  was  between  3.  54  and  4.  02  in. 

(2)  Critical  Cross-Core  Cylinder  Tests  (Subtask  B.  3. 2.  2) 

i 

The  results  of  five  critical  cross-core  cylinder  tests  using 
samples  from  Batch  3  are  shown  in  Table  15.  The  test  set¬ 
up  is  similar  to  that  shown  in  Figure  57.  The  analysis  of 
these  results  is  presented  in  Figure  59,  where  it  is  shown 
that  the  critical  cross-core  outside  diameter  do  is  be¬ 
tween  3.  87  and  4.  00  in. 

The  interpretation  of  the  results  for  the  cross-  and  circular-core  cylinder 
tests  and  the  conclusions  made,  depend  heavily  i  the  assumption  that  the 
proposed  mechanism  for  central  cavity  jetting  is  correct. 


5.  3.  1.  1.  3  Summary  of  Sustainment  of  Detonation  Tests 

It  was  originally  intended  to  check  the  validity  of  the  current  theory  of  cri¬ 
tical  geometry  with  RDX-wax  and  PBAN-RDX  explosives  but  difficulties 
were  encountered  with  some  RDX-wax  samples.  Therefore,  the  results 
obtained  with  RDX-wax  explosive  were  only  estimates  of  whether  the  theory 
was  high  or  low  in  its  predictions,  and  were  not  considered  on  an  equal 
basis  with  the  more  uniform  PBAN-RDX  results. 
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Figure  58.  Analyai*  o£  Critical  Circular-Core 
Cylinder  leiti  -  PEAN-RDX. 
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Figure  59«  Analysis  of  Critical  Cross-Core 
Cylinder  Tests  •*  PBAN-RDX. 


0866-01(01  >FP 
Page  109 


i. 

i. 


V 

* 


A  summary  of  RDX-wax  explosive  results  for  perforated  and  nonperforated 
shapes  is  shown  in  Table  16.  Although  some  difficulty  was  encountered  in 
sample  preparation,  there  were  no  inconsistencies  in  the  data  (see  Fig¬ 
ures  44.  47,  50,  52,  and  54).  The  theory  was  high  in  predicting  the  criti¬ 
cal  dimensions  in  every  case  for  solid  shapes.  The  magnitude  of  the 
adjustment  in  the  theory  was  determined  quantitatively  only  for  the  critical 
square  tests  and  was  estimated  to  be  about  10  to  50%  for  the  Batch  4  and 
Batch  6  material.  For  the  perforated  shape  (the  circular  core  cylinder), 
the  opposite  effect  is  indicated  because  most  of  the  range  of  values  of 
du  predicted  by  current  theory  is  lower  than  the  experimental  data  (up 
10^2%  lower).  However,  since  the  ranges  overlap  it  is  still  possible 
that  these  results  are  really  consistent  with  those  above;  i.  e.  ,  predic¬ 
tions  of  theoiy  are  high.  In  an  attempt  to  correlate  these  results  on  an 
equal  basi3,  an  equivalent  diameter,  d^. ,  was  computed  by  using  the 
equations  in  Figure  44  and  .-olving  for  the  diameter  associated  with  the 
critical  dimension  found.  The  ranges  of  these  values  are  shown  in  Table  16, 
wherein  the  results,  for  the  rectangle  and  triangle  are  found  to  be  generally 
consistent  with  the  square  for  Batch  6  material  although  quantitative  com¬ 
parison  is  not  possible.  The  equivalent  diameter  range  for  the  circular 
core  cylinder  is  high  because  the  critical  dimension  was  opposite  in  trend 
from  the  nonperforated  shapes. 

From  the  results  with  RDX-wax  explosive,  there  is  some  indication  that 
the  critical  geometry  theory  is  too  high  in  its  predictions  for  nonperforated 
shapes,  and  that  it  may  be  too  low  in  its  predictions  for  perforated  shapes. 
Because  of  the  limitations  on  sample  quality,  definitive  conclusions  should 
not  be  drawn  from  this  data. 
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A  summary  of  the  PBAN-IIDX  explosive  results  for  perforated  and  non¬ 
perforated  shapes  is  presented  in  Tabie  17.  As  opposed  to  the  case  with 
RDX-wax  explosive,  the  results  in  Table  17  show  that  the  critical  geometry 
theory  is  high  in  predicting  the  critical  dimensions  for  both  solid  and  per¬ 
forated  shapes.  Also  in  this  case,  the  magnitude  of  the  adjustment  in  the 
theory  amounted  to  a  range  of  only  3  to  20%.  In  an  attempt  to  correlate 
these  data  on  an  equal  basis  the  equivalent  diameter  dc'  (using  the  equa¬ 
tions  in  Figure  44)  was  computed  for  each  of  these  results.  The  range 
of  these  values  is  shown  in  Table  17.  Because  the  ranges  are  very  simi¬ 
lar,  these  values  might  be  close  enough  to  constitute  a  basis  for  corre¬ 
lating  data  for  other  shapes.  That  is,  if  the  equations  in  Figure  44  are 
used  to  compute  the  critical  dimensions  of  any  shape  (perforated  or  non¬ 
perforated),  use  of  dj  Q  2.  4  in.  )  instead  of  d£  (^  2.  7  in.  )  should  give  the 
true  value  within  about  5%.  Furthermore,  since  the  total  range  for  each 
shape  is  equal  to  or  greater  than  the  corresponding  range  for  the  critical 
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diameter,  a  relatively  high  degree  of  confidence  may  be  placed  on  the  ' 
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the  true  critical  uii1iui»»iOi;  1 1>  ill  Lhu  given  range,  even 


though  only  limited  numbers  of  tests  #ere  conducted. 


Because  of  the  relatively  high  quality  of  the  PBAN-RDX  samples,  and  of 
the  definitiveness  of  the  data  obtained  with  these  samples,  it  may  be  ten¬ 
tatively  concluded  that  for  PBAN-RDX  the  current  critical  geometry  theory 
gives  an  excellent  first  estimate  of  the  critical  geometry  of  any  shape  and 
this  estimate  may  be  improved  by  using  a  simple  adjustment  factor,  the 
equivalent  diameter. 


The  critical  web  thickness  of  a  circular  core  cylinder  appears  to  be  con¬ 
siderably  less  than  the  critical  diameter  of  the  material  for  RDX-wax  and 
PBAN-RDX  explosive.  The  range  of  critical  web  thickness  is  from  0.  79 
to  0,  85  in.  while  the  critical  diameter  range  is  from  1.  38  to  1. 63  in.  for 
RDX-wax.  These  ranges  are  1.  19  to  1.25  in.  and  2.  66  to  2.  80  in. 
respectively,  for  PBAN-RDX.  These*  figures  show  that  the  critical  web 
thickness  is  only  from  48  to  61%  of  the  critical  diameter  for  the  RDX-wax 
explosive  and  from  42  to  47%  for  the  PBAN-RDX  explosives,  thus  implying 
that  the  critical  web  thickness  of  hollow-core  propellant  grains  is  probably 
closer  to  one-half  the  critical  diameter  of  the  material  than  to  the  critical 
diameter  itself. 


5.  3.  1.  2  Initiation  of  Detonation  (Subtask  B.  4 ) 

During  this  effort,  43  initiation  of  detonation  and  19  associated  tests  were 
performed.  Again,  determination  of  a  steady  or  transient  detonation  was 
made  by  the  streak  camera  and/or  raster  oscillograph  reaction  velocity- 
distance  data  as  well  as  by  the  witness  plate  test  result  classification  shown 
in  Figure  43. 

5.  3.  1.2.1  Sensitivity  Measurements  (Subtask  B.  4.  1 ) 

The  objective  of  the  tests  in  Subtask  B.  4.  1  was  to  determine  an  initiation 
criterion  for  PBAN-RDX  propellant  containing  9.20  \vt  %  RDX.  This  was 
done  using  standard  card-gap  sensitivity  tests  which  were  calibrated  in 
terms  of  shock  pressure  knowing  the  impedance  mismatch  at  the  attenuator- 
sample  interface.  This  was  accomplished  by  (a)  determining  the  initial 
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shuck  pressure  in  me  attenuator  (Flexigias)  for  the  Composition  B  booster, 
(b)  measuring  the  shock  pressure  attenuation  in  Plexiglas  for  various  diu- 
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puting  the  criterion. 


a.  Initial  Shock  Pressure 


To  determine  the  initial  shock  pressure  (PQ)  in  the  Plexiglas  attenuator 
from  a  Composition  B  booster,  two  teats  were  conducted  with  the  test  egj- 
up  shown  in  Figure  60,  The  resultant  streak  camera  velocity-distance  data 
are  shown  in  Table  18  and  plotted  In  Figure  61.  Based  on  knowledge  of  the 
detonation  velocity  of  the  booster  and  the  general  shape  of  attenuation  curves 
in  Plexiglas,  the  best  eye-fit  curve  was  drawn  through  the  combined  data 
and  extrapolated  to  the  booster-Piexiglas  interface  (at  x  -  0).  The  value 
of  UQ  (the  initial  shock  velocity  in  the  Plexiglas)  was  found  to  ue  7.  25 
mm/p  sec.  From  the  previously,  reported  Hugoniot  of  Plexiglas  (Refer¬ 
ence  8), 

P  =5.511)  -  Id.  03  U  ,  Kbar 

o  o  o 

Therefore,  from  the  value  of  UQ,  PQ  is  found  to  be  188  Kbar,  This  value 
•  is  used  in  subsequent  determ  inaliono . 

b.  Shock  Attenuation 


To  determine  the  shock  attenuation  in  Plexiglas,  10  tests  were  conducted 
with  the  test  setup  shown  in,  Figure  62,  In  each  case,  the  Plexiglas  accep¬ 
tor  is  a  right  solid  cylinder  (length  equal  to  diameter)  with  parallel  flat  sur¬ 
faces  machined  along  the  entire  length  to  provide  an  undistorted  view  through 
the  sample.  Table  19  gives  the  dimensions  of  each  test  and  includes  the 
densities  of  the  PlexiglaB  columns  and  explosive  boosters.  It  may  be  noted 
that  the  Plexiglas  density  is  uniform  within  about  0.  1%,  whereas  for 
Composition  B  thie  figure  is  approximately  0,  45%. 

The  resultant  streak  camera  velocity(U )-distance  (x)  data  are  shown  in 
Figures  63  through  67  where  a  be6t  eye-fit  curve  was  drawn  through  the 
combined  data  for  each  column  diameter,  since  no  specific  analytical  ex¬ 
pressions  for  these  curves  are  known.  These  curves  are  redrawn  in  Fig¬ 
ure  68  and  show  the  effect  of  diameter  on  shock- velocity  attenuation  in 
PlexiglaB.  Using  the  previously  reported  Hugoniol  of  Plexiglas  (Refer¬ 
ence  8) 

P  =  5. 51  U2  - 


14,  03 U,  bar 
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Figures  60.  Tewt  Setup  Ueed  to  Dete:rmlne  T.nltlal  Pie&eure  In  Plexiglas' 
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0.  697 
0.  849 
0.991 
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Figure  6i.  Determination  of  Initial  Shock.  Velocity  in  Plexiglas. 
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62.  Test  Setup  Used  to  Determine  Shock 
Attenuation  in  Plexiglas. 
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Table  19.  De  isities  of  Plexiglas  Columns  and  Composition  B 
Boosters  Prepared  for  Attenuation  Tests. 


Test 

No. 

Sample  Dimension 
.Length  x  Diameter 
(in,  ) 

Dens '  ty 
(gm/cc) 

Plexiglas  Composition  E 

1 

3.  00  x  3.  00 

1.  189 

1. 695 

2 

3.  01  x  3.  00 

1.  189 

1.  693 

3 

3.  58  x  3.  38 

1.  189 

1.  696 

4 

3.  58  x  3.  50 

1.  190 

1.  692 

5 

4.  04  x  3.96 

1.  190 

1.  670 

6 

4.  04  x  3.  95 

1.  189 

1.  693 

7 

5.  02  x  5.  00 

1.  188 

1.  687 

8 

5.  02  x  4.  99 

1.  188 

1. 682 

9 

6  03  x  6.  01 

1.  187 

1. 692 

10 

6.  03  x  6.  00 

1.  187 

1. 691 

Average  density  of  Plexiglas 

1. 1886 

gm/cc 

Standard  deviation 

±  0.  0010 

gm  /  cc 

Average  density  of  Composition  B 

1. 6891 

gm/cc 

Standard  deviation 

±0.  0074 

gm/cc 

Figure  63.  Shock  Attenuation  in  Plexiglas,  3--in. -Diameter  Column. 


Figure  64.  Shock  Attenuation  in  Plexiglas,  3- 1/Z-in. -Diameter  Column. 
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Figure  67.  Shock  Attenuation  in  Plexiglas,  6-in  -Diameter  Column, 
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the  curves  in  Figure  68  were  converted  to  shock  pressure  attenuation 
curves  and  are  nlotted  in  Figure  69.  Rv  tiainp  the  value  of  P_  these  data 

‘  *-»  *  «  U  '  - 

were  normalized  by  plotting  P/P0  vs  x/d,  where  d  is  the  column  diameter. 
The  result,  shown  in  Figure  70,  may  be  considered  a  universal  attenua¬ 
tion  curve  for  Plexiglas  cylinders  5,  3.  5,  4,  5,  and  6  in.  in  diameter. 

c.  Hugoniot  Measurements 

To  determine  the  Hugoniot  of  PBAN-RDX  propellant,  seven  teats  were  con¬ 
ducted  with  the  test  setup  shown  in  Figure  71.  In  two  of  these  tests,  mul¬ 
tiple  alternate  layers  of  Plexiglas  and  propellant  were  used.  This  setup 
represents  a  variation  of  a  well-known  technique  for  measuring  the  Hugoniot 
of  opaque  materials  and  depends  on  measuring  the  shock  velocity  in  the 
Plexiglas  immediately  before  the  shock  wave  enters  the  opaque  propellant 
and  the  shock  velocity  in  the  propellant.  Additional  data  might  be  obtained 
by  measuring  the  shock  velocity  entering  the  Plexiglas  from  the  propellant. 

The  results  of  the  seven  tests  are  shown  in  Table  20  and  in  Figures  72 
through  75.  Also  shown  are  the  still  and  streak  camera  records  for  the 
four  data  producing  tests,  The  P-fi  (Hugoniot)  data  in  Table  20  were  deter¬ 
mined  as  follows.  From  the  distance  data  (Figures  72  through  75)  the 
shock  velocity  attenuation  in  Plexiglas  above  each  propellant  sample  was 
determined  by  the  aforementioned  numerical  differentiation  technique.  The 
velocity  at  the  Plexiglas -sample  interface  Up,  was  then  found  by  extrapola¬ 
tion  of  this  result  to  that  interface.  The  average  shock  velocity  in  the 
PBAN-RDX  sample  Dr  was  determined  from  the  measured  propellant  thick¬ 
ness  and  the  time  taken  to  traverse  that  thickncsB  (Figures  72  through  75). 
From  Up,  Pp  (shock  pressure  in  the  Plexiglas  at  the  Plexiglas -sample 
interface  )  may  be  computed  from  the  known  Hugoniot  of  Plexiglas  (Refer¬ 
ence  2).  Knowing  this,  Ur,  and  the  density  of  the  PBAN-RDX  sample  P0r> 
P-"  ^particle  velocity)  data  for  the  sample  may  be  generated  in  the  following 

The  Hugoniot  of  Plexiglas  Is  plotted  on  the  P  -ji  plane  and  the  curve 
is  ,;flected  about  a  vertical  line  passing  through  Pp.  The  intersection  of 
the  "reflected"  Hugoniot  with  a  line  passing  through  the  origin,  having  a 
slope  of  10  Por  Ur,  can  be  shown  to  be  (Reference  9)  a  point  on  the 
Hugoniot  of  the  sample.  This  procedure  is  illustrated  in  Figures  76  through 
79  for  the  data  in  Table  20  where  the  resultant  P  -/i  data  are  listed.  These 
results  are  plotted  in  Figure  80  where  the  best-fit  quadratic  expression 
(as  determined  by  the  method  of  least-squares)  passing  through  the  data 
is  shown.  This  expression 

P  =  33.27  )1  +  44.45  $ ,  Kbar  (fi  in  mm  /flsec ) 
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Pigure  71.  Teet  Setup  -  Hugoniot  of  PBAN-RDX  Propellant. 
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Table  20.  Hugoniot  of  PBAN-RDX  Explosive. 


T«*hI 

Number 

Imni9mic) 

Ur 

(mmy^ecl 

*V 

(Kba  rl 

10|,OR  0„<'< 
(kba  r -pnee/ 

P 

IKOai-l 

tivmi/tim’.rl 

Cluiiinnml  a 

i 

— 

— 

Kill  lure  of  Arg  »n  Uomb 

i 

4.  93 

3,  85 

64,  75 

66.  4  1 

69.  9 

1.  050 

Look*  poor 

> 

4.53 

4.  3  7 

49.  51 

75.  38 

59.  8 

0.  796 

4 

- 

- 

- 

- 

- 

- 

Failure  of  Argon  Dumb 

5 

- 

- 

- 

- 

- 

FuUure  of  Argon  Uomb 

6-1 

5.  74 

5.  53 

101.01 

95.  39 

123.  3 

1 .  299 

6-2 

4.  34 

4.  34 

42.  69 

74.  117 

52.  5 

0.  705 

6-J 

3.39 

3.  n 

15.  76 

56.41 

18.  8 

0.  330 

6-4 

3.03 

2.  25 

B.  OB 

38.  81 

8,  5 

0.  220 

7-1 

5.  09 

4.  67 

71.  34 

80.  56 

84.  3  , 

1.050 

7-2 

4,  02 

i .  64 

32.  64 

62.  79 

37.  9 

0.  605 

7-3 

..  3 . 56  ' 

2.  61 

19.  88 

45,  02 

20.  4 

0.  450 

7-4 

3.  13 

2.  32 

10.  07 

40.  02 

10.  4 

0.  260 

7-5 

3,  05 

1. 66 

8.  47 

28.  64 

3 

0.  255 

*  P„  =  5.51  U  2  -  14,03  U 

P  p  p 

**  PQ  2  1 .  725  gm/cc 

* 


sarteif 
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Figure  72.  Street.  Record-Hugoniot  of  PBAN-RDX  Explosive  -  Test  No. 


Figure  ”3.  Streak  Record-Hugoniot  of  PBAN-RDX  Explosive  •  Test  No. 
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Figure  75.  Streak  Record  -  Hugoniot  of  PBAN-RDX  Explosive  -  Test  No. 


P  (KBAR) 


Figure  76.  D e terra  1  nation  of  FBAN-RDX  Hugoniofc  -  Test  No.  2, 
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Figure  77.  Determination  of  PBAN-RDX  Hugoniot  -  Test  No.  3 


«*-•*•* 


n  (MM//1SEC) 


Figure  80.  Hugoniot  of  PBAN-RDX  Explosive. 
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mav  hi*  ronvn rt#*H  t n  a  mnr#*  Hua^aKU  fr>  Y%*»  n«  «  **  *t —  -n  i _ i j „  _ 

'  '  - - -  —  /  -v.  *..v  »tv**  nuvnuiaj'um- 

dynamic  relation 

P  =  10  pQ  Ufl,  Kbar  (pQ  in  gm/cc;  0  and  ft  in  mm/jisec) 

This  gi’'es 

P  =  6.  694  U2  -  12  ,913  U,  Kbar 

which  is  the  expression  desired  for  subsequent  determinations. 

It  may  he  noted  that  only  the  shock  velocity  in  the  Plexiglas  above  the 
sample  was  used  in  these  procedures  and  that  the  use  of  the  phock  velocity 
in  the  Plexiglas  below  the  sample  to  obtain  additional  data  was  ignored. 

This  was  done  because  it  was  found  that  these  velocities  were  very  close 
to  the  upper  velocities  and  made  the  graphical  distinction  between  the  two 
(Figures  76  through  79)  very  difficult. 

d.  Initiation  Criterion 

In  order  to  determine  the  initiation  criterion,  32  card-gap  sensitivity  teste 
at  five  diameters  were  conducted  with  the  test  setup  shown  in  Figure  81 
using  samples  from  Batches  1,  2,  and  3.  The  results  are  shown  in  Table  21. 
Using  the  value  of  PQ  (188  Kbar), values  of  the  shock  pressure  at  the  end  of 
the  column  P  for  each  test  were  computed  using  the  data  in  Table  21  and 
Figure  70.  Knowing  the  Hugoniot  of  PBAN-RDX  explosive  (Figure  80),  values 
Pr  (the  shock  pressure  entering  the  sample)  were  computed  using  the 
Hugoniot  reflection  niethod(Reference  10)  3.s  shown  in  Figure  82.  A  plot 
of  the  shock  pressure  entering  the  sample  Pr  vs  charge  diameter  d  is 
shown  in  Figure  83  where  it  is  noted  that  only  one  inconsistency  of  all  the 
tests  made  was  found.  The  vertical  span  drawn  between  the  Go  and  No- 
Go  results  at  any  diameter  represents  the  region  where  the  shock  pres¬ 
sure  required  to  cause  detonation  P+  may  be  found.  Accordingly  the 
best  eye-fit  curve  was  drawn  through  these  data.  This  curve  was  then 
plotted  ve  diameter  in  Figure  84.  Knowing  that  detonation  cannot  be 
sustained  below  the  critical  diameter  dc  of  the  material,  a  left-hand 
bound  on  the  curve  was  drawn  at  2.  73  in.  (the  midpoint  of  the  critical 
diameter  range  determined  in  Section  3.  3.  1.  1. 2a(l}).  This  curve  is 
the  desired  initiation  criterion  for  PBAN  -RDX  explosive  since  it  divides 
the  pressure-diameter  plane  into  Go  and  No-Go  regions. 
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Table  21.  Initial  nn  t”  r  T*2«f«, 


Charge 

Charge 

Diameter 

reniity 

Ur.,  ) 

(gm/cc) 

3.  0 

1.  723 

3.0 

1.  720 

3.  0 

1.  729 

3.0 

1.  722 

3.  0 

J.  722 

3.0 

1.717 

‘3.  5 

1.  721 

3.  5 

1.  728 

3.  s 

1.  730 

3.  5 

1.  730 

3.  5 

1.729 

3.  5  ' 

3.  5 

— 

3.  99 

l.*Z7 

3.  97 

1.  728 

i.  99 

1.  727 

3.  98 

J.  726 

3.  98 

1.  727 

3.  97 

1.  726 

4.  0 

1.  728 

5.  0 

1.  726 

5,  0 

1.  721 

5.  0 

1.  726 

5.  0 

1. 725 

5.  0 

J.  729 

5.  0 

J.  724 

5.  0 

1.727 

6.  0 

1.  724 

6.  0 

1.  727 

6.  0 

1.  726 

6.  0 

J.  728 

6.  0 

1.  726 

Booster 

Density 

(gm/ec) 

Attenuator 
Length,  x 
(in.) 

1,  692 

2.  03 

1.  688 

2,  19 

1.  677 

2.  19 

1.  694 

2.  30 

J.  690 

2.  24 

1. 670 

2.  13 

1. 683 

2.  59 

1.  672 

2.  70 

1.  684 

2.  9,9 

1 .  684 

2.  B8 

1.  675 

2.  78 

— . 

1,  0 

— 

2.  0 

1.  692 

4.  01 

1. 689 

2.99 

1.  691 

3.  50 

1.  667 

3.  25 

J.  690 

3.  38 

1.  682 

3.  25 

1.  684 

3.  38 

1.  681 

3,  88 

1 .  690 

4.  19 

1.  690 

5.  00 

1.  690 

4.  56 

J.  682 

4.  42 

1. 682 

4.  57 

1.  692 

4.  38 

1.687 

4.  49 

1.  686 

4.  81 

1.  686 

5.  50 

i.  587 

6.  00 

1. 695 

5.  75 

Pp 

pR 

(Kosr) 

(Kbar) 

Result 

51.3 

59.  7 

Go 

46.  1 

53.  0 

No-Go 

.46,  1 

53.  0 

Go 

42.  9 

49.  3 

No-Go 

44.  6 

51.  4 

N  0  -  Go 

47.  9 

55.  1 

No-Go 

45.  1 

52.  0 

Go 

42.3 

48.  7 

Go 

35.  2 

40.  J 

Mo -Go 

37.6 

42.  V 

No-Go 

40.  0 

45,  9 

Go 

103.6 

— 

Go 

63.0 

73.  7 

Go 

23.  5 

26.  3 

No-Go 

44.  2 

50.  9 

Go 

33.3 

37.9 

No-Go 

38.  4 

44.  0 

Go 

35.  5 

40.  6 

No-Go 

38.  0 

43.  4 

Go 

35.  9 

■11.  2 

74t>-Go 

41.7 

47.6 

Go 

36.  5 

42,  0 

Go 

23,  5 

26.  3 

No-Go 

30.  1 

34.  2 

No-Go 

32.  1 

36.  8 

Go 

30.  1 

34.  2 

No-Go 

33,  3 

37.9 

Go 

44.  7 

51.5 

Go 

39.  5 

45.4 

Go 

30.  1 

34.2 

Go 

23.  5 

26.3 

No-Go 

26,  7 

30.  1 

No-Go 

Test 

Number 


B.  4.  '.  1 
B.  4.  1.  ] 
B.  4.  1.1 
B.4,  1.2 
B.4.  1.2 
B.4.  1.  2 

b.4.  i.  e 
B.  4.  1.  12 
3.4.1.  12 
B.  4.  1.  2 
B.  4.  J.  2 
Prelim  1 
Prelim  2 

B.  4.  1.  1 
B.  4.  1.  2 
B.  4.  1.  3 
B.  4.  1.  4 
B.  4.  1.  3 
B  4.  1.  6 
B.  4.  1.  7 

B.  4.  ].  10 
B.  4.  1.  |3 
B.  4.  1.  16 
B.  4.  1. 20 
B.4.  1.  24 
B.  4.  1. 23 
B.  4.  1.  30 

B.  4.  1.  11 
B.  4  1.  12 
B.  4.  1.  18 
B.  4.  1. 23 
B.  4.  1. 25 


p(kbar; 
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Figure  82.  Pleasure  Entering  PBAN-RDX  Explosive  -  Hugoniot  Reflection  Method. 
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it  is  also  possible  tc  define  the  initiation  criterion  using  area  of 
the  wave  instead  of  diameter  of  the  test,  a  criterion  alternative  to  that  in 
Figure  84  was  found  as  follows.  Assuming  spherical  expansion  of  the  deto¬ 
nation  wave  from  the  point  of  initiation  in  each  test,  it  was  possible  from 
the  test  dimensions  and  geometry  to  determine  the  area  of  the  wave  entering 
the  propellant  in  each  case.  It  was  found  that  this  area  varied  only  slightly 
from  test  to  test  at  the  same  diameter  and  thus  an  average  area  A  for  each 
diameter  was  established.  The  area  Ac,  associated  with  critical  diameter 
dc,  was  computed  by  extrapolation  of  this  data.  From  these  computations 
the  initiation  criterion  in  terms  of  A  was  drawn  and  is  shown  in  Figure  85. 

5.3.  1.2.2  Attenuation  Properties  (Subtaak  B.  4. 2  ) 

The  general  objective  of  the  tests  in  Subtask  B.4.2  was  to  determine  how 
input  shock  waves  from  various  size  cylindrical  donors  attenuate,  when 
placed  at  various  locations  on  nonperforated  (Subtask  B.  4.  2.  1)  and  per¬ 
forated  (Subtask  B.  4.2.2)  supercritical  acceptor  charges. 

a.  Nonperforated  Shapes  (Subtask  B.4.2.  1) 

The  primary  objectives  of  the  tests  in  Subtask  B.4.2.  1  were  to  (1 )  deter¬ 
mine  in  detail  how  the  input  shock  waves  attenuated  when  axial,  end  donors 
of  various  sizes  were  placed  on  nonperforatid,  supercritical,  cylindrical 
acceptor  charges  (Subtask  B.4.2,  1.  l)and  to  (2)  demonstrate  how  detona¬ 
tion  took  place  when  side  donors  of  two  sizes  were  placed  on  the  same  type 
of  acceptor  charge  (Subtask  B.4.2.  1.2).  A  secondary  objective  in  both 
caseB  was  to  estimate  the  critical  size  of  the  donor  required  to  cause  deto¬ 
nation. 

(1)  Axial,  End  Donor  (Subtaak  B.4.2.  1.  1) 

The  results  of  five  axial,  end  donor  tests  using  samples  from 
Batches  1  and  3  are  shown  in  Table  22,  where  the  subtask  is 
indicated  by  the  test  number.  The  test  setup  is  shown  in 
Figure  86  and  a  framing  camera  record  of  Test  B.4.2. 1.1.  1 
is  shown  in  Figure  87.  In  order  tc  follow  the  progress  of  the 
entering  shockwave  for  each  test  in  detail,  sets  of  probes 
were  inserted  at  depths  of  0.  5,  1. 0,  1.  5,  and  2.  0  in.  into 
the  charge.  The  vertical  distance  between  probes  was  1  in. 

The  resultant  distance-time  data  (shown  in  Figures  88  through 
91)  were  interpolated  to  establish  the  position  and  size  of  the 
wave  at  any  time  as  well  as  the  vertical  velocity  of  propagation 
at  the  different  insertion  depths  at  any  time 


Figure  85.  Initiation  Criterion  of  PBAN-  RDX  Explosive- P 


"1 


«  O 

3  O 

a  i 

J)  O 

Ph  Z 


n! 

4-» 

nj  rt 

TJ  t3 


H  (11 
*>  «  — • 
«  «  • 
S  E  .S 

O  (4  — 

OQ  X 
Q 


0) 

bC 

♦5  u 

ui  U 

<rJ 

C  ^ 

a 

(5  1 

U 

0) 

«u 

00 

4-> 

o> 

M 

nS 

G  ^ 

flj 

u 

•«*4 

o 

IT) 

O 

o 

m 

r- 

—4 

ni 

•—« 

o 

CsJ 

rO 

in 

ro 

CsJ 

(M 

(M 

r- 

r- 

r- 

h- 

—4 

*•4 

rO 

<?' 

CO 

O' 

O 

o 

O' 

m’ 

rn 

CO 

«*H 

ro 

m 

H 

p-4 

*-H 

iH 

r"H 

rsi 

nj 

(\i 

<\i 

CQ 

PQ 

PP 

« 

0866-01(01)FP 
Page  14? 


DISTANCE  (IN.l 


0866k01(01)FP 
Page  150 


0866-01(01)FP 
Page  i 5 1 


PMOUE  INSEkriON  DEPTH  (IN.: 
O  2  (AXIAL) 
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F lgur e  89-  Axial,  End  Donor  Teat  B.  4.  2.  1.  1.2,  Distance  va  Time  Data 

2.  0-in  -Diameter  Booster. 


TIME  (fiSEC) 


Figure  91.  Axial,  End  Donor  Test  B.  4.  2.  1.1.5-  Distance-Time  Data 

1.  75-in. -Diameter  Booster, 
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F  ruin  tii  i  o  i  mui'iiiniiu  11  it  w<ia  desired  to  determine  the  wave  i 

diameter  and  area  as  well  as  shock  pressure,  as  it  attenuated. 

Wave  Diameter  and  Area 

By  assuming  the  waves  propagate  spherically  and  symmetrically 
it  was  possible  to  use  the  position-time  data  to  generate  the  least- 
squares  best  fit  (circular)  wave  profiles  as  a  function  of  time. 

This  data  and  the  resulting  profiles  are  shown  in  Figures  92 
through  95.  In  Test  B.  4. 2.  1.1.1,  the  curvature  became  so 
great  for  time  greater  than  5  Jlsec  that  straight  lines  had  to  be 
drawn  to  fill  out  the  wave  profile.  These  lines  were  drawn  from 
the  point  of  intersection  of  a  vertical  line  (drawn  at  the  arbi¬ 
trary  depth  shown  in  Figure  92)  with  the  best-fit  circles  and 
the  data  obtained  at  a  depth  of  0.  5  in.  They  are  probably  good 
approximations  to  the  actual  wave  profile.  Since  the  least-squares 
best  fit  equations  required  atleastthree  points  to  give  a  solution, 
data  were  added  in  Tests  B.  4.  2. 1.1.1,  B.  4. 2. 1.1.3,  and  B .4.2. 1 . 1. 5  to 
fulfill  this  requirement.  These  data  were  chosen  carefully  so  as 
to  be  representative  of  the  type  of  wave  profile  occurring  in  that 
particular  test  and  to  be  consistent  with  other  data,  The  best- 
fit  circle  for  each  profile  is  defined  in  terms  of  the  radius  of  the 
circle  r  and  the  position  h  of  its  center  on  the  axis  with  respect 
to  the  booster-sample  interface.  These  data  are  shown  in  Table  23 
for  each  of  the  profiles  in  Figures  92  through  95.  From  the  cal¬ 
culus,  it  can  be  shown  that  the  surface  area  of  revolution  of  a 
body  about  the  x-axis  (i .  e.  ,  the  axis  of  the  cylinder)  for  x  ranging 
from  xQ  to  xj  is  given  by 


o 


The  equation  for  the  circles  of  the  type  being  considered  is 

2  2  2 

(x  +  h)  +  y  =  r 
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if 


r 


*2 


or  if  r  >  2 


and  h  > 


and 


if 


A  =  2  It  r 


r 


in.  ;  d  =  4  in. 


r  >  2  and  h  < 


Using  these  equations,  the  desired  diameters  and  areas 
were  computed  and  are  also  shown  in  Table  23.  It  may  be 
noted  that  the  profiles  in  Test  B.  4.  2.  1.  1.  1  are  not  all 
spherical  since  the  straight  lines  shown  give  a  conical  sur¬ 
face  when  revolved  about  the  x-axis.  By  adding  an  appro¬ 
priate  term  to  the  above  equations,  the  correct  surface  area 
was  computed  and  appears  in  Table  23. 


Wave  Shock  Pressure 


Because  of  the  fact  that  the  wave  profiles  are  curved  (see 
Figures  92  through  95)  and  the  probe  measurements  are 
made  only  in  a  vertical  direction,  the  raw  velocity-time 
data  for  each  insertion  depth  is  not  the  true  wave  propa- 
gational  velocity  (i.  e.  ,  the  velocity  normal  to  the  wave 
front).  Based  on  the  equations  of  the  best -fit  wave  pro¬ 
files  and  geometry  appropriate  adjustment  factor  s  were 
computed  and  the  true  velocity-time  data  found  for  each 
profile.  From  the  Hugoniot  of  PBAN-RDX  explosive  found 
earlier,  these  velocity  data  were  converted  to  shock  pres¬ 
sure  using  the  equation 

P  =  6.  694  U2  -  12.  913  U,  Kbar 


In  order  to  associate  a  unique  shock  pressure  with  any  wave 
at  any  time,  an  average  shock  pressure  P  was  defined  by  the 
equation: 


SA  PdA 


o 


dA 


P  = 


_1_ 

A 


o 


PdA 
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Table  2i.  Wave  D’ame'.e:,  Area  and  Shock  Pressure. 


T  est 
Number 


B .  4 .  2 .  1 .  1 .  I  1  0.185 

2  0.  102 

3  0.  668 

4  0.616 

5  0.  633 

6  0.  673 

8  0.  178 

10  -0.  168 

15  -0.903 

20  -1.  509 

25  -2.076 

30  -2.620 

B.  4  2.  1.  1.  2  0.  3  4.  572 

1  3  091 

2  2,818 

3  2,  956 

4  2.  639 

5  2.491 

6  2.  340 

8  1.830 

10  1.621 

15  0.365 

20  -1.  152 

25  -1.764 

B.  4.  2.  1.  1.  3  0.  5  1.  221 

1  1.  140 

2  0.  994 

3  0.805 

4  0.  660 

5  0.  505 

6  0.377 

7  0.297 

8  0.231 

10  0.018 

15  -0.666 

20  -1.  101 

30  -2.684 

*3.  4.  2.  l.  1.  5  0.  5  2.  487 

1  3.036 

2  4.032 

3  4,  783 

4  052 

5  3,556 

6  4.686 

8  ■: .  574 

10  3.295 

12  2.317 

14  1,060 
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The  data  in  Table  23  represent  the  desired  information  on  the 
detailed  attenuation  process  of  input  shock  waves  from  an 
axial,  end  doner,  it  may  also  be  noted  from  Table  22  that  the 
critical  sii.e  of  an  axial,  end  donor  required  to  cause  deto-  , 
nation  in  this  case  is  probably  between  1.  50  and  1.  75  in. 

(2)  Side  Donor  (Subtask  B.  4.  2.  1.  3) 

The  results  of  two  side  donor  tests  using  samples  from 
Batches  1  and  3  are  shown  in  Table  24.  The  test  setup  used 
is  shown  in  Figure  96.  The  booster  was  placed  one-quarter 
of  the  way  down  the  acceptor  charge  so  that  enough  material 
would  be  available  to  allow  the  detonation  to  reach  steady 
state  if  initiation  took  place, 

In  order  to  have  complete  interfacial  contact  between  the 
booster  and  propellant  for  this  particular  geometric  arrange¬ 
ment,  it  was  necessary  to  cut  a  small  flat  section  on  the 
sample  at  the  booster  site.  The  character  of  the  detonation 
taking  place  in  these  tests  is  illustrated  in  Figures  97  and 
98  which  are  framing  camera  studies  of  the  events.  It  may 
be  noted  that  in  the  first  test  (v/here  initiation  in  the  axial 
direction  apparently  did  not  take  place),  the  wave  front  near 
the  bottom  of  the  charge  never  became  flat  as  was  the  case 
in  the  second  test  (when  axial  detonation  was  apparently 
initiated).  These  results  indicate  that  the  critical  donor  size 
for  this  donor  geometry  and  location  is  between  2.  0  and 
3.  0  in.  Comparison  of  Test  B.  4.  2.  1.  3.  1  with  that  of 
Test  B.  4.  2.  1 .  1.2  indicates  that  donor  location  is  an  impor¬ 
tant  parameter  in  determining  if  axial  initiation  takes  place 
in  a  given  instance. 

b.  Perforated  Shapes  (Subtask  B.  4.  2, 2  ) 

The  primary  objective  of  the  tests  in  Subtask  B.  4.  2.  2  was  to  demon¬ 
strate  how  detonation  took  place  when  nonaxial,  end  donors  (Subtask 
B.  4.  2.2.2)  and  side  donors  (Subtask  B.  4.  2.  2.  3)  were  placed  on 
supercritical,  circular-core  cylindrical  acceptors.  A  secondary 
objective  in  both  cases  was,  as  before,  to  estimate  the  critical  size 
of  the  donor  required  to  cause  detonation. 


Table  24.  Demonstration  Teens. 
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(1)  Nonaxial,  End  Donor  (Subtask  B.  4.  2 . 2 . 2 ) 

The  results  of  two  nonaxial,  end  donor  tests  using  samples 
from  Batch  2  are  shown  in  Ta.  lc  24.  The  test  setup  is  shown 
in  Figure  99-  For  symmetry,  the  booster  was  placed  in  the 
center  of  the  web.  The  character  of  the  detonation  taking  place 
is  illustrated  in  Figures  100  and  101  which  are  framing  cam¬ 
era  studies  of  the  events.  In  the  first  test  (Figure  100)  when 
initiation  apparently  took  place,  a  general  cc  .‘sumption  of  the 
grain  takes  place  although  this  occurs  in  a  very  nonsymm etrical 
manner.  In  Figure  101,  it  is  seen  that  consumption  of  the 
grain  does  not  take  place.  In  both  cases,  the  jet  phenomena 
mentioned  earl’er  is  seen  to  occur.  The  dark  gas  cloud  in 
Figure  101  is  the  expansion  of  the  gases  from  the  Primacord 
charge  used  for  timing  purposes  and  is  not  associated  with 
the  event.  The  results  in  Table  24  indicate  that  the  critical 
donor  size  for  this  donor  geometry  and  location  is  between 
0.  75  and  1.  75  in.  I  his  result  compares  favorably  with  that  shown 
in  the  Subtask  B.  4.  2.  1.1  and  is  less  than  that  shown  in  Suhlaek 
B.  4.  2.  1,.  3. 

(2)  Side  Donor  (Subtask  B.  4.  2.  2.  3) 

The  results  of  two  side  donor  tests  using  samples  from  Batch  2 
are  also  shown  in  Table  24.  The  test  setup  is  the  same  as  in 
Figure  96  except  that  the  sample  is  the  larger  circular  cylin¬ 
der.  Because  no  framing  camera  data  were  obtained  in  Test 
B.  4.  2.  2.  3.  1,  the  test  result  was  considered  uncertain  and  the 
same  test  conditions  were  repeated  in  Test  B.  4.  2.  2.3  2.  The 
character  of  the  reaction  taking  place  in  this  case  is  illustrated 
in  Figure  102  which  is  a  framing  camera  record  of  the  event. 
Careful  examination  of  this  record  shows  that  general  consump¬ 
tion  of  the  grain  does  not  take  place,  and  axial  initiation  was 
assumed  not  to  have  taken  place.  This  result  suggests  that  the 
critical  donor  size  for  this  donor  geometry  and  location  is 
greater  than  2.  0  in.  This  compares  favorably  with  the  result 
in  Subtask  B.  4.  2.  1.3  and  is,  as  expected,  greater  than  t1  t  in 
Subtask  B.  4.  2,  2.  2 . 


It  can  be  seen  from  these  te3ts  and  those  discussed  in  Section 
5.3.  1.2.2(a)(2)  that  it  is  more  difficult  to  initiate  a  charge  from 
the  side  than  from  the  end  and  that  the  magnitudes  involved  do 
not  depend  on  whether  or  not  the  acceptor  charge  is  perforated. 


| 
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Figure  99 
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Nor.sixiw.1  End  Donor  Attenuation  Test  Setup 
for  Perforated  Acceptor. 
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Figure  100.  Nonaxial,  End  Donor  Test  -  Hollow  Core  Acceptor 
Test  No.  B.4.  Z.  2.  2.  1  (Time  Increment  =  8.4  ^sec/frame). 
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Figure  102.  Side  Donor  Test  -  Hollow  Core  Acceptor  - 
Test  No.  B.  4.  2.  2.  3.  2  (Time  Increment  =  8.  4  |jsec/frame). 
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b.  i.  1.  d,  3  Summary  of  the  Initiation  of  Detonation  Tests 

The  major  objective  of  clie  iniiiaiion  of  detonation  studies  (Subtask  13.  4) 
is  to  determine  if  the  measured  initiation  criterion  (Subtask  B.  4.  l.d)  can 
be  used  to  predict  whether  or  not  shock  initiation  will  take  place  for  a  given 
booster,  based  on  how  the  input  shock  wave  attenuates  (Subtask  B.  4,  2).  A3 
the  initiation  criterion  and  attenuation  properties  have  been  determined  in 
Sections  5.  3.  1.2.  l.d.  and  5.3.  1.2.  2, a,  the  applicability  of  the  criterion  can 
be  tested  at  least  for  axial,  end  donor  charges  on  nonperforated  cylindrical 
acceptors.  That  is,  it  may  be  determined  whether  for  this  situation  when 
detonation  occurs,  the  initiation  criterion  is  met  or  not.  This  was  done  by 
plotting  the  P  vs  d  data  in  Table  23,  on  the  P+  vs  d  initiation  criterion 
shown  in  Figure  84.  Since  the  criterion  might  also  be  defined  in  terms  of 
wave  area  the  analysis  was  also  done  by  plotting  the  P  vs  A  data,  in  Table  23, 
on  the  P+  vs  A  initiation  criterion  shown  in  Figure  85.  These  analyses  are 
shown  in  Figures  103  and  104.  Figure  103  and  Table  22  show  that  in  those 
tests  where  initiation  took  plac e  (B  4  .  2  .  1 .  1.2  and  B  .  4 . 2  .  1 .  1  •  5  )  the  initia¬ 
tion  criterion  was  met  (i.  e.  ,  the  Go-region  was  entered)  whereas  for  those 
tests  wher e  initiation  did  not  take  plac e  (B.4.2,  1.  1,  1  and  B.  4.  2.  1.1.3) 
the  input  shock  pressure  attenutation  curve  was  such  that  the  criterion  was 
not  met.  This  indicates  that,  at  leas'  for  the  situations  considered,  the 
criterion  as  measured  (P4-  vs  d)  can  be  used  to  predict  whether  initiation 
will  take  place  or  not  for  axial, end  donors  on  nonperforated  supercritical 
acceptors.  Also  in  Table  22,  the  average  radius  of  curvature  of  the  input 
waves  is  larger  when  initiation  took  place  than  when  it  didn't  (3  to  5  in. 
compared  to  0.  5  to  2.  5  in.  ).  Consideration  of  Figure  104  shows  that  the 
criterion  in  terms  of  area  did  not  predict  the  result  correctly  for  Test 
B.  4.  2.  1 .  1.  1.  The  attenuation  curve  does  intersect  the  initiation  criterion 
(at  about  70.  5  Kbar)  although  no  detonation  took  place  in  this  test.  How¬ 
ever,  it  is  noteworthy  that  the  attenuation  continues  through  the  criterion, 
emerges  below  it  at  A  =  S,  5  in.  and  stays  below  it  for  the  remainder  of 
its  path-  Since  it  is  not  expected  that  in  this  situation  such  a  path  is  pos¬ 
sible  (i.  e.  ,  entering  and  then  leaving  the  Go-region)  it  implies  that  the 
criterion  should  be  shifted  to  the  right  or  the  attenuation  curves  to  the  left 
(as  is  shown  in  Figure  103).  The  results  of  the  other  three  tests  do  con¬ 
form  to  the  criterion  in  Figure  104.  From  these  tests,  it  was  tentatively 
concluded  that  the  criterion  in  terms  of  wave  diameter  is  more  accurate  in 
predicting  initiation  of  detonation  that  the  criterion  in  terms  of  wave  area. 

It  may  also  be  noted  that  the  results  with  axial,  end  donors  show  that  for 
thiB  geometry  the  donor  diameter  need  not  be  equal  to  or  greater  than 
the  critical  diameter  of  the  acceptor  in  order  for  initiation  to  take  place. 

In  fact,  in  this  case,  the  required  diameter,  1.  50  to  1.  75  in.  is  only  from 
54  to  66%  of  th<  critical  diameter,  2.  66  to  2.  80  in. 


-I,,  irnmi  -  I  niT-|ir--i:  r~ - n:l - r-  ■r-m-v-*-  -  -inn*** |WPWI^WW^IIHWWWWi|^|^ 


I 


I  0866- 01 (0 1  )F  P 

Page  176 

1 

*  5.3.2  Theoretical  Studies 


i 

I 

I 

I 

I 

I 

I 

i 

Aii 


7T 

4,’. 


!! 


An  outline  ol  the  test  plan  of  the  theoretical  program  is  shown  in  Tab.e  2  . 
The  major  objectives  of  this  program  were  to  evaluate  the  validity  of  the 
underlying  assumption  of  the  current  theory  of  critical  geometry  and  to 
consider  the  importance  of  additional  system  parameters. 


5.  3.  2.  1  Sustainment  of  Detonation  (Subtask  B,  5) 

In  the  sustainment  theory  of  critical  geometry,  the  critical  dimensions  of 
any  shape  depend  on  geometry  and  the  critical  diameter  for  the  given 
material.  From  results  obtained  in  the  present  study,  the  validity  of  the 
assumptions  underlying  this  theory  were  investigated. 


5.  3.  2.  1.  1  Assumption  of  Equal  Critical  Detonation 
Velocities  (Subtask  B.  5.  1) 

One  of  the  major  assumptions  underlying  the  current  theory  of  critical  geo¬ 
metry  is  that  all  slilipes  (for  a  particular  formulation)  should  have  the  same 
detonation  velocity  at  the  critical  dimensions  of  that  shape  (Appendix  A). 

This  was  investigated  by  plotting  the  observed  detonation  velocity  for  all  Go 
tests  (for  both  RDX-wax  and  PBAN-RDX  explosive)  vs  charge  dimension 
and  extrapolating  to  the  critical  dimension.  The  data  arc  shown  in  Tables 
26  and  27,  and  the  extrapolated  results  in  Table  28.  Although  the  data  for 
RDX-wax  explosive  were  widely  scattered,  the  results  for  Batch  6  material 
showed  only  a  3%  variation  in  the  estimated  critical  velocities.  The  varia¬ 
tion  was  higher  (~  14%)  for  Batch  4  material  but  still  within  experimental 
(and.  extrapolation)  error.  Within  the  limits  of  the  extrapolations,  it  was 
concluded  that  the  assumption  was  not  contradicted  by  the  RDX-wax  results. 
The  more  accurate  detonation  velocity  data  from  the  PBAN-RDX  tests  agreed 
within  about  12%  for  all  the  charges.  Because  this  is  within  the  experimen¬ 
tal  (and  extrapolation)  error  for  these  data  it  was  concluded  that  there  was 
no  evidence  that  the  critical  detonation  velocity  varied  from  shape  to  shape. 


5.3.2.  1,2  Assumption  of  a  General  Criterion  {Subtask  B.  5.2) 

Another  major  assumption  of  the  theory  is  that  if  there  is  a  criterion  ior 
sustainment  of  detonation  for  any  given  shape  it  might  be  assumed  that 
there  is  a  general  criterion  for  all  shapes  (Appendix  A).  This  was  in¬ 
vestigated  when  an  attempt  was  made  to  correlate  the  summarized  critical 
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Table. 25.  Theoretical  Program  Outline. 


B.  5  Sustainment  of  Detonation 

B.  5.  1  A e gumption  of  Equal  Critical  Detonation 

Velocities 

B.  5.  2  Assumption  of  a  General  Criterion 

B.  5.  3  Interactions 

B.  5.4  Explosive  Properties 

B.  5.  4,  1  Composition 
B.  5.  4,  2  Particle  Sire 
B.  5.  4.  3  Density 
B.5.4. 4  Temperature 

B.5. 5  Confinement 

B.  6  Initiation  of  Detonation 

B.  6.  1  Initiation  Criterion 

B.  6.  1.  1  Pulse  Duration 

B.6.  1.2  Pule e  Shape 

B.  6.  1.3  Distribution  of  Parameters 

B.  6.  2  Attenuation  Propei  ties 

B,  6.  2.  1  Local  Reaction 
B.  6.  2.  2  Detonation  Cut-off. 
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Table  26.  Detonation  Velocity  va  Dimension  RDX-Wax. 


dm  rg?» 

Charge 

Cha  rgo 

Dimension 

Hatch 

Density 

Shape 

(in.) 

Number 

(gm/cc) 

Average 

Detonation  Standard 

Velocity  Velocity  Deviation  Test 

Range  (mm/mec)  (Imm/^nec)  Number 


1.  75 
1. 97 
I.  961 


1.  25 


1.996  4 

1.768  4 

1. 88  4 

1.  75  4 


1. 63  5 


1.  63  6 

1.50  (: 

1.63  6 

1.75  6 

1.  75  6 


b 

_± 

•-b-* 

1.  63 
1.  8ft 
1.  63 
1.  5 
1.  38 
1 .  5 


4 

4 

4 

4 

4 

4 


1.  38  6 

1.5  6 

1.  25  6 

1. 25  6 


w  *  2.  75  In. 


1.  38 
1.  38 
1.31 
1.31 
1.  25 
1.  19 
1.  13 
1.  0 


6 

6 

6 

6 

6 

6 

6 

6 


6 

6 

6 


dj  »  0.81  in. 


6 

6 

6 


1.  06 

1.5  -  2.  5 

4.  57 

0.  14 

B.2. 

1.  i,  r 

1.  05 

1.5-3.  75 

4.  69 

0.  06 

13. 2. 

1.  I.  12 

1.  05 

1.5  -  -.5 

4.  29 

0.25 

13. 2. 

1.  1.  13 

1.  13 

2,  0  -  3.  75 

6.  65 

0.  24 

B.  2. 

1.  i.  15 

1.  06 

2.  0  -  4.  25 

4.  6b 

0.  30 

B.  2. 

1.  1.  16 

1.  06 

1.25  -  3. 25 

4.  2  8 

0.  29 

B.  2. 

1.  1.  18 

1.  05 

- 

- 

- 

n.  2. 

1,  l.  23 

1.  06 

"■* 

B.  2. 

1.  1. 24 

1.11 

0.  75-4,0 

6.  11 

0.  54 

B.  2, 

1.  1. 26 

1.  1  1 

0,  5-2.5 

6.  52 

0.  07 

B.  2. 

1.  1.  32 

1.  08 

0.  5  -  4.  25 

6.  13 

0.  41 

B.  2. 

1.  1.  33 

I.  1  1 

0.  6  -  2.  75 

b.  64 

0.  M 

13.  2, 

1.1.37 

1.  10 

0.  5  -  2.  25 

6.  57 

0.  05 

11.  2. 

1.  1.  30 

1.  10 

0.  5  -  2.  75 

6.  50 

0.  09 

B.  2. 

1.  1.  39 

1. 06 

1. 25  -  3.  0 

5.  07 

0.  29 

B.  2. 

1.  2.  1 

1.  06 

— 

— 

— 

B.  2. 

1.2,2 

1.  07 

1.75,,-  4.  0 

5.  51 

.  12 

B.  2. 

1.2.3 

).  07 

1.5  -  3,  5 

5.  07 

0.  07 

B.  2. 

1.2.  4 

1.  Oli 

1.5  -3.5 

5,  07 

.  '  0.  14 

B.  2. 

i.  2.  8 

1.  07 

■“* 

13.  2. 

1.2.9 

1. 08 

0.  75  -  3.  75 

6.  25 

0.  50 

B.  2. 

1.2.  13 

1,  10 

0.  75-3.  25 

6.  16 

0.  21 

13. 2. 

1.2.  14 

1.  10 

0.  25  -  3.  0 

6.  33 

0.  07 

B.  2. 

1.2.  15 

1.  10 

0.  75  -  1.  75 

5.  69 

0.  11 

B.  2, 

1.  2.  16 

1.  08 

_ 

... 

B.  2. 

1.3.  1 

1. 0b 

1.0  -3.5 

6  88 

0.  07 

B.  2, 

1.3,  2 

1.  12 

1.  75  -  3.  75 

6.  84 

0.  13 

B.  2. 

1.3.  3 

1.  10 

1.5  -3.5 

6.  58 

0.  0ft 

B.  2. 

1.3.4 

1.  09 

1.5  -  3.  75 

6.  67 

0.  11 

B.  2. 

1.3.5 

1.  1  1 

1.5  ■  4.  0 

6.62 

0.  13 

B.  2. 

1.3.6 

1, 06 

1.  75  -  3.  5 

6.  44 

0.  09 

B.  2. 

1.3.7 

1. 09 

2.  0  -  3.  75 

6.  75 

0.  16 

B.  2. 

1.  3.  8 

1.  09 

0.75  -  1.  75 

6.  14 

0.  18 

B.  2. 

1.1.1 

1.  09 

0.  5  -  2.  75 

5.  97 

0.  49 

B.  2. 

1. 4.  2 

i.  03 

0.  75  -  1.5 

4.82 

0,  52 

B.  2. 

1.  4.  3 

1.  03 

1.  5 

-  2.  25 

7.  59 

0,  07 

B.  2,  2.  1.  1 

1.  07 

1.  0 

-1.5 

6,  63 

0.  02 

B.  2,  2.  1,  2 

1  09 

0.  25 

-  2.  0 

6.  32 

0.  04 

B.  2.  2.  1.  3 
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Table  27.  Detonation  Velocity  vs  Dimension  -  PBAN-RDX. 


Cha  rg< 
Shape 


Charge 
Dimen*  Ion 
(in.  ) 

Cha  rge 
Batch  Dennity 

Number  (gm/cc) 

■  U 

Ve  locity 
Rft  nge 

ro 

Velocity 

Range 

Velocity 

Based 

On 

A  ve  rage 
Detonation 
Velocity 
(mm /peer) 

Standard 
Deviation 
(mm/ alter 

Te»  l 

N«.  mbe  r 

2. 

88 

• 

_ 

_ 

_  • 

. 

B.  3. 

i.i.i 

2. 

80 

1  • 

). 

720 

- 

. 

- 

. 

B.  3. 

!.  1.  3 

2, 

67 

1 

1. 

720 

- 

- 

- 

. 

“\ 

1.1.4 

2. 

75 

1 

1 . 

716 

2. 0-4.0 

2. 0-4.0 

ic/ro 

4.  19 

0.  06 

b.  3. 

1,1.6 

2. 

85 

1 

1. 

72  1 

1.75-3.25 

1.75-3.25 

•  c 

4.  39 

0.  13 

B.  3. 

1.1.11 

2. 

88 

1 

1 . 

724 

2.0-3.75 

2.0-3.75 

ro 

4.  25 

0.  02 

B.  3. 

1.  1.  12 

2. 

74 

1 

1. 

72  1 

2. 25-3. 70 

2.25-3.75 

ac/ro 

CO 

o 

IT 

0.  1  1 

B.  3. 

1.  1.  18 

2. 

75 

2 

1 

728 

2, 0-4.0 

2. 0-4,0 

ro 

4.  32 

0.  0B 

B.  3. 

1.  1.  15 

2. 

70 

3 

1. 

73  1 

2.5-3.75 

2. 0-4.0 

ro 

3.  97 

0.  04 

D.  3. 

1.  1.  16 

2. 

62 

i 

1. 

728 

2.5-3.50 

2.5-3.50 

■  c/  ro 

4.  14 

0.  17 

B.  3. 

1.  1.  17 

3. 

0 

1 

1. 

"23 

- 

1.0. 3.5 

ro 

4,  29 

0.  12 

B,  4. 

1.9 

3. 

0 

1 

1. 

729 

- 

1.0-3. 5 

ro 

4.  24 

0.  08 

B.  4. 

I.  18 

3. 

5 

3 

1. 

72  1 

- 

0.25-3.5 

ro 

4.  43 

0.  08 

B.  4. 

1.  8 

i. 

5 

3 

1. 

728 

- 

0. 6-3.75 

ro 

4.42 

0.  1  1 

13.4. 

1.  14 

3. 

5 

3 

1 

729 

0,5  -3.5 

ro 

4.  39 

o.  09 

B .  4 . 

1.2  5 

4. 

0 

1 

1. 

728 

1. 0-2,0 

0. 5-3,5 

§c  /  ro 

4.  47 

0.  12 

.  13.  4. 

1.  2 

■I. 

0 

1 

1. 

726 

1. 0-3.0 

0.5-3.75 

■  c/  ro 

4.  48 

0.2  1 

B,  4. 

1.4 

4. 

0 

1 

726 

0.75-2.5 

1.25-3.75 

•  c/  ro 

4.  54 

0.  16 

B.4. 

1.6 

5. 

0 

1 

i. 

726 

1.25-3.0 

ro 

4.51 

0.  04 

B,  4. 

1.  10 

5. 

0 

1 

727 

1.25-3.25 

ro 

4.  54 

0.  04 

B.  4. 

1.  30 

5. 

0 

3 

.  i. 

721 

0.5-3.75 

ro 

4.  57 

0.09 

B.4. 

1.  13 

5. 

0 

3 

729 

1.0-3.  25 

ro 

4.61 

0.  07 

B.  4. 

1.  24 

6. 

0 

1 

i. 

724 

0.75-3.5 

ro 

4.  58 

0.  07 

B.  4. 

1.  1  1 

6. 

0 

3 

i. 

727 

1. 0-4.0 

ro 

4.  65 

0.  06 

B.  4. 

1.  12 

6. 

0 

3 

i. 

729 

1.5-3.25 

ro 

4.  80 

0.  15 

B.  4, 

1.  19 

4. 

9  .> 

2 

726 

1. 0-3.0  f 

i, 0-3,0 

ro 

4,  40 

0.  18 

B,  3. 

1.  3.  1 

4. 

45 

2 

726 

1.5-3.75 

1.5-3.75 

TO 

4.  37 

0  14 

B.  3. 

1.  3.  3 

4. 

5 

2 

731 

1.5-3.75 

1.5-3.  75 

TO 

4.  39 

0.  10 

B,  3. 

1.  3.  6 

i , 


4.  33 
4.  02 


50  in. 


L  720 
1.  728 


0.75-1.4  0.75-1.4 

1.0-1.25  1.0-1.25 


•  c 

ro 


4.  42 
4.  12 


0.  05 
0.  00 


B.  3.  2.  1.  2 

B.  3.  2.  1.) 


4.  00 
4.  49 


/=  0.  475  in. 


1.  728 
1.  722 


1. 0-2.0  1. 0-2.0 

1.25-3.75  1.25-3.75 


4.  09 

4.  53 


0.  01 
0.  14 


B.  3. 2. 2.  I 
B.  3.2.  2.4 


Explosive 


RDX-Wax 


PBAN-RDX 
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Table  28.  Critical  Detonation  Velocities. 


Shape 


Batch 


Estimated  Critical 
Detonation  Velocity 
(mm/fi»ec) 


Cylinder  3  and  4  4.2 

.  5  and  6  6.1 

Square  4  5.0 

6  5.9 


<  6.  3 

<6.  0 

Circular  -Core 

Cylinder  6  6.  0 

4,  0 
4.  1 

3.  8 

Cross-Core 

Cylinder  3  3.9 


Cylinder  1,2,  and  3 

Equilateral  Triangle  2 

Circular -Core 

Cylinder  3 


Rectangle  6 

•  1  -  •  •  .  j •  , . 

■Equilateral  Triangle  6 
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geometry  results  in  Table  9  for  RDX-wax  and  in  Table  16  for  PBAN-RDX. 
Comparison  of  equivalent  diameters  for  Batch  4  and  6  material  for  RDX- 
wax  shov/ed  that  the  correlation  was  weak  and  therefore  a  general  cr  terion 
had  not  been  found. 

As  these  data  were  not  considered  very  accurate,  the  PBAN-RDX  results 
were  used  in  an  attempt  to  more  accurately  assess  the  evidence  of  cor'-, 
relation.  In  this  case,  the  equivalent  diameter  for  all  the  shapes  was  in 
agreement  to  within  5%  thereby  suggesting  that  this  correlation  was  valid. 

It  may  be  tentatively  concluded  that,  within  the  limitations  of  the  shapes 
considered,  a  general  criterion  in  the  form  of  the  original  theory  may  be 
considered  to  exist,  if  the  critical  diameter  is  replaced  by  the  "equivalent 
diameter.  " 

5.3.2.  1.3  Interactions 

The  effects  of  interactions  in  the  core  of  perforated  shapes  was  ignored  in 
the  original  theory  of  critical  geometry.  The  validity  of  this  may  be  in¬ 
vestigated  by  studying  the  results  of  the  critical  geometry  tests  summarized 
in  Tables  16  and  17.  In  Table  16  the  result  for  RDX-wax  circular  core 
cylinders  is  unclear;  the  result  is  opposite  to  that  expected  (i.  e.  ,  only  if 
interactions  increased  the  rate  at  which  rarefaction  waves  move  in,  would 
an  increase  in  the  critical  dimension  over  theory  be  expected).  Again  be¬ 
cause  of  the  lack  of  precision  in  the  RDX-wax  results,  consideration  of  the 
PBAN-RDX  results  (Table  17)  seemed  advisable.  In  this  case,  the  low  value 
of  the  equiyalfeht  diameter  for  circular-core  cylinders  implied  interaction 
effects  but  the  higher  value  for  the  cross-core  cylinders  conflicted  with  thi3 
since  more  interaction  was  expected  in  the  latter  case  than  in  the  former 
It  was  therefore  tentatively  concluded  that  for  the  core  sizes  considered  in 
these  tests,  the  effects  of  interactions  on  the  critical  dimensions  was  small. 

5.  3.2.  1.4  Explosive  Properties  (Sub task  B.  5.4) 

The  effects  of  variations  in  composition  (Subtask  B.  5.  4.  1),  particle  size 
(Subtask  B.  5.  4.  2),  density  (Subtask  B.  5.4.3)  and  initial  temperature  (SuH- 
taak  B.  5.4.3)  on  the  current  theory  of  critical  geometry  were  not  specifi¬ 
cally  studied  in  this  program  but  it  is  expected  that  they  would  mainly  effect 
only  critical  (and/or  "equivalent")  diameter.  These  effects,  not  including 
initial  temperature,  were  considered  (theoretically)  in  the  critical  dia¬ 
meter  portion  of  the  program  (Section  4.  4).  The  effects  of  confinement 
on  the  critical  geometry  theory  also  have  not  been  studied  in  the  current 
program.  Because  this  consideration  is  complex,  no  definitive  or  ex¬ 
pected  effects  can  be  anticipated  without  experimental  data. 
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5.  3.  2.  2  Initiation  of  Detonation  (Subtask  B.  6) 

In  the  initiation  of  detonation  theory  of  critical  geometry,  the  phenomenon 
of  initiation  depends  only  on  an  initiation  criterion  for  the  given  material 
and  the  way  in  which  the  input  wave  attenuates.  The  effects  of  parameters 
other  than  those  considered  in  the  present  study  are  discussed  below. 


5.  3.  2.  2.  1  Initiation  Criterion  (Sub task  13.  6.  1 ) 

In  the  development  of  the  initiation  criterion  the  effects  of  pulse  duration 
(Subtask  B.  6.  1,  1),  pulse  shape  -ubtask  B.  6.  1.  2)  and  the  possible  use  of 
distributed  parameters  (Subtasl  8.  6,  1 .  2 )  might  be  consider ed.  However, 
in  developing  the  initiation  criterion  in  this  study  (Figures  84  and  35)  only 
peak  pressure  was  used.  Although  no  direct  evidence  of  the  necessity  to 
consider  these  additional  effects  exists  in  the  successful  results  obtained 
(Figure  103),  it  is  possible  that  a  more  clear-cut  result  (Figure  64)  would 
have  been  obtained  if  a  pressure  averaged  over  the  pulse  duration  were 
considered.  Because  no  data  were  obtained  the  effects  of  variations  in 
pulse  width  and  shape  could  not  be  determined  at  this  time  and  the  need  for 
distributed  parameters  is  not  evident. 


5.  3. 2.  2. 2  Attenuation  Properties  (Subtask  B.  6.  2) 

In  consideration  of  the  attenuation  properties  the  effects  of  local  reac  tion 
(Subtask  B.  6.2.  1 )  and  possible  detonation  cut-off  (Subtask  B.  6.  2.  2)  might 
be  considered.  In  the  attenuation  curves  of  Figures  103  and  104  the  effects 
of  local  reaction  can  be  seen  because  in  the  two  "Go"  tests  the  slopes  of  the 
curves  are  much  lower  even  in  the  "No-Go"  region  (i.  e.  ,  local  reaction  is 
supporting  the  waves).  It  is  clear  that  this  must  occur  because  the  dia¬ 
meter  (or  area)  for  the  same  shock  pressure  is  larger  in  these  cases,  there¬ 
by  causing  more  total  reaction  to  take  place.  It  is  concluded  that  the  amount 
of  local  reaction  and  its  effect  on  the  attenuation  of  the  input  shockwaves 
depended  strongly  on  the  initial  diameter  (or  area)  of  the  input  wave.  Since 
no  specific  results  of  the  studies  of  Shock  Hydrodynamics,  Inc.  applicable 
to  these  materials  had  been  obtained  a  more  detailed  examination  of  local 
reaction  could  not  be  made.  Because  detonation  cut-off  was  expected  with 
nonsymmetric  initiation  geometries  (such  as  in  Figures  97,  98,  101,  and 
102)  and  no  specific  attenuation  data  were  obtained  in  these  cases,  the 
possible  effects  could  not  be  determined.  Note,  however,  that  this 
phenomenon  might  have  caused  the  No-Go  results  in  Tests  B,  4.  2.  1.  3.  1 
and  B.  4.  2. 2.  3.  2.  It  should  also  be  noted  that  no  significance  to  the  results 
in  Figure  104  should  be  attached  to  the  concept  of  detonation  cut-off  since 
no  evidence  of  an  approach  to  steady  detonation  was  evident  in  the  attenua¬ 
tion  curve. 
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5.  3.  3  Test  Development 

In  order  to  help  obtain  data  having  maximum  possible  accuracy,  the  following 
iesls  ,  imprOv  cm  enii^  d  liu  »u'ggc»  tloi'id  weie  mauc. 

5.  3,  3.  1  Preliminary  Tests  -  RDX-Wax  Explosive 
(Subtask  B.  1 ) 

The  objectives  of  the  preliminary  teste  are: 

a.  To  observe  detonation  in  Composition  B  and  RDX-wax  charges 
using  a  framing  camera  and  to  determine  a  general  comparison 
between  the  two  (Subtaek  B.  l.a), 

b.  To  check  detonation  velocity  techniques  on  Composition  B 
charges  for  correctness,  agreement,  and  technique  (Sub¬ 
task  B.  1 .  b), 

c.  To  determine  if  a  streak  camera  (and/or  pinswitches)  can  be 
used  to  meaiure  detonation  velocity  in  RDX-wax  charges  with 
and  without  external  lighting  (Subtask  B.  l.c). 

d.  To  determine  if  the  witness  plate  criterion  for  detonation  is 
accurate  by  comparing  detonation  velocity  vs  dent  repro¬ 
ducibility  within  a  batch  and  from  batch  to  batch  (Subtask 

B.  1.  d). 

The  results  of  22  teato  using  samples  from  two  batches  of  RDX-wax  explo¬ 
sive,  are  shown  in  Table  29.  The  dent  type  is  determined  from  the  test 
result  classification  scheme  shown  in  Figure  43, 

5.  3.3.  1,1  Subtask  B.  l.  a 

Using  the  test  setup  shown  in  Figure  44,  the  detonatione  of  Composition  B 
and  RDX-wax  charges  were  observed  with  a  framing  camera  in  Tests 
B.  l.a.  1  through  B.  l.a.  13.  Ths  results  are  shown  in  Table  29  and  in  Fig¬ 
ures  1C5  through  109  which  are  the  framing  camera  records  for  some  of 
the  tests.  It  was  found  that,  for  the  explosive  samples,  lighting  was  neces¬ 
sary  if  the  detonation  was  to  be  clearly  recorded  by  the  high  epeed  camera 
(compare  Figures  105  and  106  with  Figures  107  and  108).  Further,  com¬ 
parison  of  the  explosive  charges  (Figure  105  with  Figures  106,  107,  and 
108)  showed  general  similarities  except  that  the  detonation  products  of  the 
RDX-wax  charges  were  of  relatively  low  luminosity. 


5.  Detonation  of  Composition  B  Charge  -  Test  No. 
(Time  Increment  =  1.4  psec/frame). 


Figure  107.  Detonation  of  RDX-Wax  Charge  -  Test  No.  B.  1.  a,  9 
(Time  Increment  =1.4  ^sec/frame). 
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Figure  108.  Detonation  of  RDX-Wax  Charge  -  Test  No.  B.  1.  a.  13 
(Time  Increment  =1.4  |asec/frame). 
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Figure  109.  Pure  Wax  Sample  -  Test  No.  B.  l.a.  12 
(Time  Increment  =1.4  asec/frame). 
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The  presence  of  otaady  v.ciOiulLiuii  Km,  In  each  case  established  by  frame- 
to-frame  analysis  of  the  advancing  detonation  front.  The  best  estimates 
of  the  detonation  velocity  values  are  shown  in  Table  ?  Q  The  results  of  the 
testa  with  a  pure  wax  acceptor  (see  Figure  109)  confirmed  that  the  character 
of  the  wave  in  the  RDX-wax  charges  was  that  of  a  chemically  supported  shock 
wave  (i.  e.  ,  a  detonation  wave). 


5.3.  3.  1.2  Subtask  B.  1 .  b 

In  Tests  B.  l.b.  1  and  B.  l.b.2  (see  Table  29)  the  detonation  velocity  of  Com  - 
position  B  was  measured  simultaneously  with  a  streak  camera  and  a  raster- 
oscillograph  pinswitch  system.  The  velocity  values  (Table  29)  show  that 
the  average  streak  camera  value  is  in  agreement  with  the  literature  within 
1/2%  while  the  average  pinswitch  system  result  was  off  by  approximately  5%. 
The  two  methods  differ  by  approximately  4%. 

Because  the  small  separation  of  the  pinsv/itches  can  cause  error  in  velocity 
readings,  it  was  decided  that  the  streak  camera  should  be  used  on  all  small- 
scale  tests  (less  than  3  in.  ).  Further  advances  in  streak  camera  technique 
were  planned  in  conjunction  with  other  subtasks  but  it  was  determined  that 
camera  mirror  speeds  less  than  1500  rps  should  be  used  for  maximum 
reading  accuracy. 


5.  3.  3.  1.  3  Subtask  B.  1.  c 

In  Tests  B.  1 .  c.  1  through  B.  1 .  c.  5,  the  detonation  velocity  of  RDX-wax  ex¬ 
plosive  was  measured  simultaneously  with  a  streak  camera  and  raster- 
oscillograph  pinswitch  system.  The  results  are  shown  in  Table  29.  In  these 
testB,  it  was  shown  that  improved  lighting  techniques  permitted  the  use  of 
the  streak  camera  to  measure  the  detonation  velocity  of  the  RDX-v/ax  charges 
with  sufficient  accuracy.  Because  of  the  inherent  error  in  the  pinswitch 
data,  due  to  the  short  sample  length,  the  streak  camera  results  were  gen¬ 
erally  considered  more  accurate. 


5.  3. 3.  1. 4  Subtask  B.  1. d 

In  Tests  B.  1.  d.  1  and  B.  1.  d.  2,  samples  of  RDX-wax  explosive  were  deto¬ 
nated  against  witness  plates  without  other  instrumentation.  The  results  are 
shown  in  Table  29.  The  dent  data  from  these  tests,  together  with  the  appli¬ 
cable  data  from  all  previous  preliminary  tests,  are  shown  in  Table  30.  From 
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Table  30.  Summary  of  Dent  Data  From  Preliminary  Tests. 


Test 

Charge 

Density 

(gm/cc) 

Dent 
Depth 
(in.  ) 

Dent 

Diameter 
(in.  ) 

Depth/ 

Diameter 

Detonation 
V  elocity 
(mm/psec) 

B.  1.  a.  3 

1.  11 

~  0.  00 

- 

- 

6.  54 

B.  1.  a. 4 

1.  12 

0.  083 

1.25 

0.  050 

6.  34 

B.  1.  a.  5 

1.  14 

0.  375 

1.  63 

0.  231 

6.  73 

B.  1.  a.  6 

1.  13 

0.  375 

1.63 

0.  231 

6.  63 

B.  1.  a. 7 

1.  12 

0.  250 

1. 44 

0.  174 

6.  19 

B.  1.  a.  8 

1.  11 

0.  125 

1.  19 

0.  105 

6.  67 

B.  1.  a. 9 

1.  12 

0.  125 

1.00 

0.  125 

6.  3  5 

B.  1.  a.  10 

1.  13 

0.  170 

1. 24 

0.  137 

6.  53 

B.  1.  a.  13 

1.  11 

0.  040 

0.  75 

0.  053 

5.  53 

B.  1. c.  1 

1.  13 

0.  250 

1.  63 

0.  154 

6.  41 

B.  1.  c.  2 

1.  14 

0.  250 

1.  63 

0.  154 

6.43 

B.  1.  c. 3 

1.13 

0.  313 

1.31 

0.  238 

6.  29 

B.  1.  c.  5 

1.  11 

0.  062 

1. 04 

0.060 

- 

B.  1.  d.  1 

i.  11 

0.250 

1.  75 

0.  143 

- 

B.  1.  d.  2 

<1. 00 

0.  0 

0.  0 

- 

- 
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these  combined  results  it  was  found  thaf  depth  did  not  correlate  well 
with  detonation  velocity.  The  effects  of  batch  number  and  sample  density 
on  this  correlation  were  investigated  and  found  to  be  small  although  a  slight 
linear  increase  of  dent  depth  with  density  (for  the  range  of  densities  in¬ 
volved)  at  a  given  diameter  was  detected.  However,  since  it  was  found 
that  dent  depth  correlates  well  with  charge  diameter,  irrespective  of  batch 
number  and  density,  and  detonation  velocity  should  be  related  to  charge 
diameter,  it  was  concluded  that  the  velocity  determinations  are  not  accu¬ 
rate  enough  for  complete  evaluation  of  the  witness  plate  criterion.  Exami¬ 
nation  of  the  detonation  velocity  and  charge  diameter  data  confirmed  this. 

It  was  attempted  to  improve  the  velocity-dent  depth  correlation  by  com¬ 
paring  detonation  velocity  with  the  ratio  of  dent  depth  to  dent  diameter 
(which  has  some  theoretical  justification).  The  correlation  did  not  im¬ 
prove. 

Since  the  foregoing  results  would  be  affected  by  sample  quality,  and  some 
difficulties  were  found  in  this  respect,  it  was  decided  that  witness  plate 
results  alone  were  not  sufficient  to  distinguish  between  a  Go  and  a  No-Go 
in  every  case  and  that  streak  camera  (and/or  rasteroscillograph)  cover¬ 
age  of  each  test  was  necessary  However,  it  was  also  concluded  that  the 
use  of  witness  plates  would  provide  some  information  in  case  of  failure  of 
the  camera  (and  or  rasteroscillograph)  system  and  thus  should  be  used  (as 
a  backup  measurement)  on  each  test. 


5.  3.  3.  2  Streak  Camera 

To  eliminate  streak  distortion  caused  by  misalignment  of  the  camera  with 
the  test  items,  the  camera,  periscope,  and  test  base  plate  were  carefully 
aligned.  Field-of-view  measurements  were  made  to  assist  in  locating 
charges  in  such  a  position  that  they  nearly  filled  the  film  width  (and  thus 
minimized  reading  errors)  The  location  of  the  streak  relative  to  the  still, 
as  a  function  of  event-dial  setting,  was  determined  by  using  exploding 
wires  ro  simulate  the  events  This  calibration  was  made  to  prevent  over¬ 
lap  of  the  streak  and  still  for  any  event  at  any  camera  speed.  It  was  found 
that,  for  the  range  of  velocities  encountered,  maximum  reading  accuracy 
resulted  when  camera  speeds  were  between  500  and  1000  rps. 
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Because  the  RDX-wax  (and  PBAN-RDX)  explosive  detonation  is  not  inher¬ 
ently  luminous,  some  type  of  lighting  was  necessary  to  permit  the  camera 
to  record  the  detonation.  Because  one-pint  argon  bombs  proved  ineffective 
in  preliminary  tests,  four  tests  were  conducted  with  one-quart  argon  bombs 
to  achieve  greater  illumination  of  the  charge  front.  Forced  development  of 
both  Tri-X  and  Plus-X  film  did  not  help  appreciably.  Location  of  the  cam¬ 
era  slit  off  the  axial  plane  improved  light  intensity  somwhat,  but  not  suf¬ 
ficiently.  Because  of  these  difficulties,  argon  windows  were  tried  instead 
of  the  argon  bomb.  Three  window  designs  were  used:  (1)  a  3/8-in.  -diameter 
butyrate  tube  placed  against  the  charge  front  so  that  the  charge  axis,  tube 
axis,  and  camera  slit  were  coplanar;  (2)  a  half-cylinder  cut  longitudinally 
and  placed  against  the  charge  front,  to  avoid  the  charge-air -butyrate -argon 
interfaces  of  (1);  and  (3)  concentric  butyrate  tube-explosive  charge  orien¬ 
tation  to  reduce  distortion  caused  by  deformation  of  the  window  surfaces  in 
(1)  and  (2).  Although  the  quality  of  the  streak -camera  records  did  improve 
as  the  window'  designs  improved  in  (1),  (2),  and  (3),  these  records  were  not 
consistently  sharp. 

Greatly  improved  argon  bombs  were  developed  from  2:1  cardboard  cones. 

The  inside  surfaces  of  the  cones  were  sprayed  with  silver  paint  and  each 
cone  was  loaded  with  0.  25  lb  of  C-4  explosive  at  the  apex.  The  surface  of 
each  charge  was  also  sprayed  with  silver  paint.  These  efforts  improved 
the  illumination  and  sharpness  of  the  streak-camera  records  so  much  that 
this  lighting  method  was  used  throughout  the  remainder  of  the  program. 

5.  3.  3.  4  Density  Measurements 
5.  3.  3.4.  1  RDX-Wax  Explosive 

Because  of  its  direct  relation  to  critical  diameter,  sample  density  is  an 
important  system  parameter.  To  control  the  quality  of  the  cast  material, 
the  density  of  each  sample  was  measured  (weight-in-air,  weight-in-water 
method)  with  a  Harvard  trip  balance.  The  characteristics  of  this  instru¬ 
ment  were  investigated  to  assure  precision  in  measuring  sample  weight 
under  varying  load  conditions.  For  loads  up  to  100  gm,  the  balance  sen¬ 
sitivity  is  approximately  280  mg/division.  But  for  loads  of  1000  gm,  the 
balance  sensitivity  drops  to  approximately  400  mg/division.  For  loads  of 
2000  gm  (maximum  for  this  balance),  the  sensitivity  is  between  500  and 
6C0  mg/division.  In  weight  measurements,  the  null  point  was  determined  to 
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100  gm;  ±  0.  04  gm,  at  loads  of  1000  gm;  and  AO.  06  gm  at  loads  of  2000  gm. 
These  measurements  represent  weighing  precisions  of  0.  03:  0.  004.  and 
0.  003%,  respectively.  Within  the  range  of  density  variations  in  a  sample, 
and  from  sample  to  sample,  these  figures  represent  sufficient  precision. 


Although  precision  to  three  decimal  places  is  possible  by  the  weight-in¬ 
air,  weight-in-water  method  of  determining  density,  the  inherent  accuracy 
of  the  system  used  was  not  determined  and  densities  have  been  reported  to 
only  two  decimal  places. 


One  method  of  checking  the  system  accuracy  is  to  determine  the  density 
of  a  pure  material  with  this  system  and  then  compare  the  result  to  the 
accepted  (literature)  value.  Such  a  material  should  have  a  density  in  the 
region  of  concern;  e.  ,  from  1  to  2  gm/ce.  Investigations  were  made  to 
determine  what  material  might  be  used  for  this  task.  It  was  found  that 
the  densities  of  readily  available  materials  such  as  low-density  alloys 
were  reported  to  only  two  decimal  places,  while  those  materials  for  which 
accurate  densities  are  known  (e.  g.  ,  AI,  2.  699  gm/cc;  or  Mg,  1.  741  gm/cc) 
are  not  readily  available  in  the  pure  state.  Because  of  this,  and  the  fact 
that  the  sample  density-control  was  not  accurate  to  three  decimal  places, 
all  densities  for  RDX-wax  samples  were  reported  to  two  decimal  places 
only. 

5.  3.  3.  4.  2  PBAN-RDX  Explosive 

Because  of  the  importance  of  sample  density  as  an  indicator  of  sample  qual¬ 
ity  and  thus  of  the  variation  in  critical  diameter,  this  parameter  was  mea¬ 
sured  to  more  decimal  places  in  the  PBAN-RDX  tests  than  was  done  for  the 
RDX-wax  explosive.  In  order  to  make  this  improvement,  a  heavy-duty 
high-sensitivity  Ohaus  triple-beam  balance  with  a  weighing  error  of  1  gm 
was  used.  An  analysis  of  the  error  or  standard  deviation,  cr,  of  density 
calculations  was  made.  The  general  rule  for  determining  this  error  states 
that,  given  W  =  W  (x,  y,  z,  .  .  .  .  )  the  standard  deviation  of  W,  <r^y,  is 
evaluated  by: 


.  .2  _  ,  8  W 
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Now  when  density  is  determined  by  the  weight-in-air,  weight-in-water 

_ a  I _ J 

ass  VkttwU) 

W  4 

=  P  - — - 

sample  water  W  .  -  W 

air  water 


where 


P  .  =  density  of  the  sample 

sample 

p  s  density  of  the  water 

water 

=  sample  weight  in  air 
W  =  ,  Bample  weight  in  water 

Therefore,  using  the  above  relations,  and  assuming  water  density  to  be  a 
linear  function  of  temperature  in  the  thermal  regime  encountered, 
orp  sample  '^x  10“^  gm/cc  for  sample  sizes  of  approximately  1200  gm. 
Obviously  0^  aampie  will  be  smaller  when  heavier  samples  are  measured, 
assuming  that  the  standard  deviations  of  the  various  parameters  remain 
the  same.  Because  this  represents  more  than  third-place  accuracy  in 
density  determination,  all  PBAN-RDX  samples  were  reported  to  three 
decimal  places.  .It  may  be  seen  from  Tables  12,  13,  14,  15,  21,  and  22 
that  the  maximum  range  of  the  density  of  all  samples  tested  is  less  than 
1%.  It  was  concluded  that  the  sample-to-sample  difference?  in  PBAN-RDX 
explosive  are  negligible. 

5.  3.  3.  5  Central  Cavity  Jetting 

When  the  central  cavity  of  the  circular-core  cylinder  tests  involving  the 
RDX  -wax  explosive  was  left  fempty,  a  jet  was  produced  that  punched  the 
witness  plate  and  obscured  the  witneBs-plate  test  result.  When  the  cavity 
was  filled  with  soil  or  dry  casting  plaster,  the  jet  did  not  occur  but  no  wit¬ 
ness  plate  damage  of  any  kind  was  apparent. 

From  the  work  of  Sultanoff  (Reference  7)  it  was  concluded  that  the  jet  pro¬ 
ceeded  faster  than  any  detonation  wave  produced  and,  because  of  the  pres¬ 
sures  and  temperatures  involved,  initiated  reaction  on  the  inside  wall  of 
the  cavity.  This  reaction  proceeded  normal  to  the,rdesired" detonation  wave 
and  eventually  consumed  the  material  in  the  lower  half  of  the  charge.  This 
occurrence  is  considered  possible,  whether  the  central  cavity  is  filled  or 
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not,  since  the  necessary  reaction  need  be  initiated  only  on  the  inside  sur- 

tm  —  m  «/  4L  .  —  —  ..Ji..  A  1st.  ...  _L  it.  .  fill  .  J  .  .  I,  ...  I  1  1  .  a  a  «  »  «  « 

wa  situ  w«v*ty  •  wjxc  iuacu  kavuy  migm  pi  event  tixc  xiittixi  uuuy 

of  the  jet  from  damaging  the  plate,  some  jetting  in  the  annuli  r  space  near 
the  fill-char  oe  interface  is  evDerteri  which  mioht  initiate  reaction  in  the 

w  a  U 

material.  Since  this  reaction  is  generally  parallel  to  the  witness  plate, 
only  minimal  witnes a -plate  damage,  if  any,  is  expected.  For  these 
reasons,  it  was  concluded  that  even  when  the  central  cavity  was  left  empty, 
the  witness  plates  v/ere  not  damaged  by  the  detonation  reaction.  In  these 
cases  the  damage  resulted  from  the  jet  only.  These  conclusions  are  sup¬ 
ported  by  the  test  results  shown  in  Table  1 1 . 

A  careful  examination  of  the  streak  camera  records  for  these  tests  showed 
two  general  types  of  behavior.  In  the  one  case,  the  reaction  velocity-dis¬ 
tance  remained  steady  for  from  2  to  2.  5  diameters  and  then  suddently  faded 
to  velocities  well  below  the  estimated  sonic  velocity  of  the  material.  In 
the  second  case  the  curve  simply  faded  rapidly  without  any  steady  portion. 
This  behavior  may  be  explained  as  follows:  If  the  charge  detonated,  this 
wave  would  proceed  down  the  charge  until  it  was  met  by  the  normal  wave. 

At  this  point,  the  detonation  front  would  appear  to  a  streak  camera  to  fade 
rapidly  and  then  disappear.  Because  of  the  geometry  of  this  intersection, 
the  velocity  would  seem  to  decrease  continuously  to  zero.  Ii  the  charge  did 
not  detonate,  the  initial  wave  would  attenuate  in  the  usual  manner  before 
any  inter  section  with  the  normal  wave  occurred.  Since  the  behavior  des¬ 
cribed  is  precisely  that  recorded  by  the  streak  camera,  a  short  section  of 
constant  velocity  before  the  rapid  fade  was  considered  sufficient  evidence 
that  the  charge  had  detonated.  When  no  such  section  appeared,  it  was 
assumed  that  no  detonation  had  occurred.  This  is  the  lanner  in  which  the 
results  in  Table  8  were  determined. 

Because  of  these  difficulties  it  was  suggested  that  for  the  PBAN-RDX  ex¬ 
plosive,  the  effect  might  be  relieved  by  (1)  drilling  a  hole  in  the  witness 
pla'"  to  coincide  with  the  charge  cavity,  as  a  means  of  reducing  the  high 
pi  ires  associated  with  the  jet;  (2)  placing  a  metal  rod  in  the  cavity  to 
see  whether  the  jet  formation  could  be  prevented  without  providing  surface 
confinement;  and  (3)  using  a  solid  booster  charge  and  a  small  amount  of 
Plexiglas  attenuator  to  see  whether  the  jet  formation  could  be  delayed  suf¬ 
ficiently  to  obtain  better  data  (i.  e.  ,  all  other  tests  used  a  hollow  core 
booster  which  helps  form  the  jet  more  quickly).  The  first  suggestion  was 
tried  on  Test  B.  3. 2.  1.2  where  a  1.  50-in.  hole  was  cut  in  the  witness  plate. 
Because  the  3/8-in,  -thick  witness  plate  could  not  be  found  after  Test 
B.  3.  2.  1. 2  and  a  hole  was  punched  in  the  2-in.  -thick  support  plate,  it 
was  concluded  that  relief  of  the  jet  pressure  by  this  method  was  not  feasible. 
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Because  of  the  limitation  on  the  number  of  available  in  Stiblseke 

B.  3,  2.  1  and  B.  3.  2.  2  it  was  decided  to  carry  out  the  remaining  experi¬ 
ments  on  circular-core  Composition  B  cylinders.  Using  this  material, 
one  charge  was  tested  with  and  one  without  a  0.  5-in.  -diameter  steel  rod 
concentric  to  the  cavity.  The  framing  camera  results  of  these  tests  are 
shown  in  Figures  110  and  111,  which  together  with  the  witness  plate,  results 
indicate  that  negligible,  if  any,  delay  in  the  jet  formation  was  accomplished. 
The  motiviation  for  the  third  suggestion  was  based  on  the  fact  that  the 
reaction  velocity-distance  data  of  previous  tests  had  shown  an  attenuation 
from  the  high  velocity  booster  wave  (~7  mm/fiscc)  to  the  steadv  detonation 
in  the  propellant  (~4  mm/jisec)  and  that  the  shock  pressure  required  foi 
initiation  was  considerably  less  than  was  actually  being  put  into  the  charge 
with  a  direct  booster -char ge  interface.  For  these  reasons  it  was  felt  that 
the  use  of  a  solid  booster  and  a  small  (~  1  in.  )  thickness  of  Plexiglas  attenu¬ 
ator  would  cause  initiation  of  the  charge  with  a  3hock  wave  closer  to  the 
steady  detonation  velocity  of  the  material.  This  would  promote  a  quicker 
attenuation  to  steady-state  and  prevent  the  jet  formation  in  the  booster, 
thus  delaying  of  the  formation  of  the  jet  in  the  acceptor.  This  was  found 
to  be  highly  successful  and  increased  the  amount  of  useful  data  that  could 
be  extracted  before  the  normal  wave  appeared.  Furthermore  since  it 
was  found  that  there  was  evidence  that  the  jet  wan  reflecting  off  the  witness 
plate  and  causing  retonation  of  the  charge  (see  Figures  110  and  111)  the 
data  available  was  further  increased  by  cutting  a  hole  in  the  witness  plate 
(not  to  relieve  the  pressure  but  to  allow  the  jet  to  pass  through  without  reflec 
tion)  and  digging  a  hole  approximately  1  ft  deep  in  the  ground  below  the 
charge.  With  these  improvements  the  results  of  testing  with  hollow  core 
charges  became  more  definitive  (see  Table  15). 

5.  3.  3.  6  Side  Donor 

In  order  to  establish  the  general  character  of  a  detonation  initiated  by  a 
side  donor,  a  Composition  B  donor  was  placed  on  the  side  of  a  cylindrical 
Composition  B  sample  using  the  test  setup  shown  in  Figure  96.  The  re¬ 
sult  is  shown  in  Figure  112  which  is  a  framing  camera  study  of  the  event. 

It  was  noted  that  the  wave  front  tended  to  become  flat  near  the  bottom  of 
the  charge.  This  result  was  used  as  a  standard  of  a  Go  irf Subtasks 
B.  4.2.  1.3  and  B.4.  2.2.  3. 
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Figure  iiu.  Circular-Core  Composition  B  Booster  -  Test  Without  Rod. 
(Time  Increment  =  2.76  psec/frame). 
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Figure  112.  Side  Donor  Test  -  Composition  B  Charge 
(Time  Increment  =  2.  76  psec /frame). 


S.  3.  4 


Data  Reduction  and  Analysis 
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For  conditions  far  above  or  fo.±  below  Uiu  critical  diameter,  it  is  usually 
easy  to  distinguish  between  a  steady  detonation  and  a  fading  detonation;  wit¬ 
ness  plates  usually  suffice  for  this  purpose.  For  conditions  at  or  near  the 
critical  diameter,  the  witness  plate  resuit  becomes  subject  to  interpretation 
and  is  not  a  clear-cut  indicator  of  steady  or  fading  detonation.  For  this 
reason,  in  any  test  a  measured  steady  detonation  is  used  as  the  criterion 
to  distinguish  a  Go  from  a  No-Go.  This  was  accomplished  by  recording  the 
detonation  wave  in  each  test  with  a  streak  camera.  The  data  obtained  from 
each  streak  camera  film  was  reduced  using  a  3750  Nikon  Measurescope, 
which  reads  to  0.  0001  in.  ,  giving  x-y  data  at  the  film  plane.  Multiplcation 
by  appropriate  time  and  magnification  factors  gi^es  the  distance-time  data. 
In  order  to  follow  the  velocity  of  the  wave  as  it  progresses  through  the  test 
sample,  the  data  were  numerically  differentiated  point-to-point  through  a 
simple  scheme  developed  especially  for  use  with  streak  camera  records 
(Reference  1).  This  scheme  does  not  obscure  local  variations  in  velocity 
but  does  allow  estimating  the  error  In  any  given  velocity  computation.  This 
method  was  used  on  all  test  data  obtained. 


The  velocity-distance  data  obtained  with  the  numerical  differentiation  scheme 
were  then  plotted  on  linear  paper  (detonation  velocity  vs  position  on  charge) 
and  a  judgment  made  as  to  whether  steady-state  had  been  achieved  or  not. 

In  most  cases,  this  was  very  clear  since  the  velocity  either  attenuated  rap¬ 
idly  to  sonic  velocity  for  the  material  (i.  e.  a  fading  wave)  or  it  fell  to  an 
essentially  steady  value  within  one  or  two  diameters  from  the  booster -charge 
interface.  However,  in  some  instances  this  difference  was  not  so  clear  and 
technical  judgment  was  needed.  The  way  in  which  the  detonation  velocity 
varied  throughout  the  test  sample  was  a  measure  of  the  properties  of  the 
charge,  and  this  information  was  used  in  an  evaluation  of  the  overall  quality 
of  the  particular  material  involved. 


A  considerable  amount  of  analysis  was  done  in  Subtask  B.  4.  2.  1.  1  in  order 
to  obtain  the  profiles,  diameter,  area,  and  average  shock  pressure  of  the 
attenuating  waves,  but  only  standard  procedures  and  methods  were  used 
and  no  new  developments  were  necessary.  A  description  of  how  the  data 
were  analir  ed  is  contained  in  the  main  body  of  the  text . 
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5.  3.  5  Propellant  Development  and  Evaluation 
5.  3.  5,  1  RDX-Wax  Explosive 

In  order  to  obtain  RDX-wax  explosive  samples  of  reasonable  quality,  im¬ 
provements  in  casting  techniques  and  checks  on  sample  quality  were  made 
in  all  batches  cast. 

5.  3.  5.  1.  1  Previous  Work 

Experience  was  gained  in  a  previous  experimental  program  (Reference  11 ) 
in  preparing  a  RDX-wax  explosive  with  a  given  critical  diameter.  From 
this  study,  it  was  shown  that  to  obtain  reasonable  reproducibility  in  the 
critical  dimensions  for  cylinders,  squares,  and  triangles,  it  was  neces¬ 
sary  to  control  the  preparation,  mixing,  and  casting  procedures,  In  the 
preparation  of  the  explosive,  it  was  found  that  surface-active  agents  have 
an  effect  on  the  distribution  of  RDX  in  the  final  material  and  are  necessary 
to  prevent  agglomeration,  which  causes  nonhomogeneity.  Furthermore,  in 
mixing  the  explosive,  it  was  found  that  the  order  and  rate  of  introducing 
the  hardening  agent  (in  this  case,  Cab-O-Sil)  with  respect  to  the  other  com¬ 
ponents  also  affected  the  RDX  distribution.  In  casting  the  explosive  into 
molds,  the  temperature  and  cooling  rates  were  critical  in  preventing  the 
formation  of  voids. 

In  addition,  the  particle-size  distribution  of  RDX  had  a  great  effect  on  cri¬ 
tical  diameter  and  had  to  be  carefully. controlled. 

The  best  results  were  obtained  with  Class  E  (MIL-R-3980,  95%  minimum 
through  325  mesh)  RDX.  The  study  also  showed  the  feasibility  of  casting  into 
molds  into  various  shapes  without  any  special  problems  in  curing  or  in 
releasing  the  samples. 

Detonation  tests  using  this  explosive  in  a  card-gap  test  setup,  showed  that 
30  to  35%  by  weight  RDX  is  required  to  obtain  a  critical  diameter  from 
1-1/2  to  2  in. 
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5.  3.  5.  I.  2  Preliminary  Batch 

A  15-lb  batch  of  RDX-wax  explosive  containing  31.  5%  RDX,  was  cast  for 
use  in  the  preliminary  tests  (Subtask  B.  1).  The  samples  included  six 
1-1/4  in.  -diameter  by  5-in.  long  cylinders;  four  l-l /2-in.  -diameter  by 
6-in.  long  cylinderr  and  five  1-3/4  in.  -diameter  by  7-in.  long  cylinders. 
Cylindrical  Composition  B  boosters  were  cast  in  the  following  sizes:  four 
boosters  l-l/4-in.  -diameter  by  3-3/4-in.  long;  five  boosters  1-1/2-in,  - 
diameter  by  4-1/2-in.  long,  and  five  boosters  1-3/4-in.  -diameter  by 
5-1/4-in.  long. 

5.  3.  5.  1.  3  Casting 

A  summary  of  all  the  batches  cast  is  shown  in  Table  31  where  the  changes 
in  operating  procedures,  composition,  size,  and  density  are  indicated. 

Vacuum  melt  procedures  were  introduced  in  Batch  5  and  the  resultant 
samples,  although  of  higher  density  than  before,  showed  about  the  same 
variability  in  density.  However,  when  the  batch  size  was  increased  in 
Batches  6  and  7,  this  variability  increased  by  a  factor  of  two  to  three 
while  the  density  decreased  slightly.  Investigations  of  the  records  showed 
that  the  large  increase  in  batch  size  in  Batches  6  and  7  (with  respect  to 
Batch  5)  resulted  in  a  3-hr  increase  in  the  melting  and  mixing  period  tl  ring 
casting.  Based  on  the  results  of  the  previous  program  (Reference  11)  it  is 
believed  that  this  extra  time  results  in  a  "wetting  time  phenomenon"  where¬ 
in  the  Cab-O-Sil  structure  deteriorates  with  time  and  decreases  the  mix 
viscosity.  Such  a  decrease  was  noted  during  the  preparation  of  Batches 
6  and  7.  A  decrease  in  mix  viscosity  will  allow  the  RDX  to  settle  during 
the  pouring  operation  (which  would  account  for  sample-to-sample  den¬ 
sity  variations)  and  the  cooling  and  hardening  period  in  the  molds  (which 
would  account  for  RDX  and  density  variations  within  a  sample).  An  in¬ 
vestigation  of  this  "wetting  time  phenomenon"  and  means  of  avoiding  it 
was  made  . 

A.s  noted  in  Table  31,  the  standard  deviation  of  the  density  data  for  Batch  7 
wa»  not  excessive  and  compared  favorably  with  the  much  smaller  Batch  5. 
Since  certain  charges  were  recast,  because  of  poor  density  or  poor  dimen¬ 
sional  symmetry,  the  final  standard  deviation  was  somewhat  less  than  that 
indicated.  However,  the  separation  of  clear  melt  in  the  molds  (Table  31) 
indicated  that  settling  of  the  RDX  was  taking  place. 
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Table  31. 

Development  of  Propellant  Casting. 

Total 

Cast 

RDX 

Weight 

Density 

Batch 

(%) 

(lb) 

(gm /cc)* 

Remarks 

1 

31.  5 

10 

1.  121  i0.  010 

— 

2 

31.  5 

10 

1,  119  ±0.  009 

Cab-O-Sil  percentage  increased  slightly, 
and  mineral  oil  percentage  decreased 
with  respect  to  Batch  1. 

3 

30.  75 

10 

1.  059  iO.  005 

Cab-O-Sil  percentage  increased  further, 
while  mineral  oil  decreased.  More  par¬ 
affin  and  less  RDX  than  in  Batches  1  and 
2  to  increase  the  critical  diameter. 

4 

30.  75 

25 

1.  059  ±0.  005 

Composition  the  same  as  in  Batch  3. 
Mixing  procedures  improved  to  obtain 
more  uniform  sample  appearance  than 
previously  obtained. 

5 

30.  75 

10 

1.  093  ±0.  007 

First  attempt  to  vacuum  melting  before 
casting.  A  vacuum  of  i5-in.  Hg  was 
applied  for  1  hr. 

6 

30.  75 

50 

1.  087  ±  0. 019 

Largt  iations  found  in  sample-to- 

samph  msities.  Less  efficient  mixing 
noted  in  larger  casting  kettle.  Vacuum 
melt  procedures  used. 

7 

30.  75 

250 

1.  081  ±0.  010 

Separation  of  clear  melt  observed  in 

molds  to  depth  of  about  1/4  in.  RDX 
composition  gradients  suspected. 
Vacuum  melt  procedures  used. 


♦The  figure  after  the  average  density  of  the  batch  is  the  standard  deviation  of  the 
densities  of  all  samples  cast. 
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Within  a  Sample 

In  order  to  determine  a  measure  of  the  uniformity  of  the  RDX-wax  explo¬ 
sive,  a  number  of  cast  samples  were  cul  up  and  analyzed  for  density  and 
RDX  content.  The  results  of  these  analyses  and  the  implications  on  the 
quality  of  the  test  material  are  described  in  detail  in  Appendix  C. 

5,  3,  5.  1.  5  RDX  Particle-Size  Analysis 

In  order  to  assure  sample  uniformity  with  respect  to  the  subdivision  of  RDX 
in  a  test  sample,  two  samples  of  RDX  were  withdrawn  from  the  storage  con¬ 
tainer,  divided  into  two  subsamples,  and  analyzed  for  particle  distribution. 
The  first  sample  was  removed  on  29  June  1964;  the  other  on  13  September 
1964.  Since  the  first  sample  was  used  in  preparing  Batches  1  to  4,  it  was 
not  replaced  in  the  storage  container  and  the  latter  sample  was  distinct. 

The  results  of  this  analysis  are  shown  in  Figures  1  and  2.  These  figures 
are  frequency  charts  of  percent  of  total  RDX  vs  particle -size  range.  The 
two  snbuampiea  of  the  first  sample  (Figure  1)  show  the  highest  percentage 
of  particles  (~40%)  between  10  and  20  ji,  and  are  very  similar.  The  twc 
subsamples  of  the  second  3ample  (Figure  2)  show  tho  highest  percentage 
of  particles  (~50  to  60%)  between  5  and  20  /i,  but  appear  to  be  only  slightly 
different.  From  these  results  it  was  concluded  that  the  RDX  particle  size 
distribution  was  effectively  constant  from  sample  to  sample. 

5  3  5.  2  PBAN-RDX  Explosive 

In  order  to  be  assured  that  the  PBAN-RDX  explosive  samples  were  in  the 
right  range  of  critical  diameter  and  of  high  quality,  checks  were  made  on 
ail  batches  cast. 

5.  3.  5.  2.  1  Preliminary  Batches 

To  bracket  the  correct  percentage  of  RDX  and  give  a  critical  diameter  of 
approximately  3  in.  ,  four  small  batches  of  PBAN-RDX  explosive  were 
ordered  from  Aerojet  Solid  Rocket  Operations,  Sacramento.  Of  these, 
two  were  cast,  and  14  critical-diameter  tests  were  performed  in  conjunc¬ 
tion  with  the  critical  diameter  program. 
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To  estimate  the  coitcei  percentage  of  RDX  :o  provide  a  critical  diameter 
of  approxiamtely  3  in.  ,  all  critical-diameter  data  (at  that  date)  were 
plotted  as  shown  in  Figure  11  1,  In  the  region  cf  interest,  smooth  curves 
were  then  drawn  through  the  data  to  represent  the  maximum  and  minimum 
estimates  of  the  actual  curves  of  critical  diameter  and  RDX  content.  By 
drawing  a  horizontal  line  at  a  diameter  of.  3  in.  ,  the  expected  maximum 
range  of  RDX  content  to  give  a  critical  diameter  of  3  in.  was  found  to  oe 
from  9.00  to  9.  40  wt  %  (Figure  113),  The  value  of  9-  20  wt  %  was  chosen 
as  a  best  estimate.  The  critical  diameter  should  have  been  greater  than 
2.  80  in.  and  less  than  3.  25  in.  for  this  value  as  shown  in  Figure  113. 

Since  the  actual  critical  diameter  of  PBAN-RDX  propellant  containing 
9.  20  wt  %  RDX  was  found  to  be  about  2.  71  in.  and  the  prepared  casting 
molds  were  based  on  a  critical  diameter  of  3  in.  meat  of  the  charges  re¬ 
ceived  in  Batches  1  2,  and  3  were  supercritical.  Therefore  many  samples 

had  to  be  machined  to  smaller  sizes  to  enable  testing  to  take  place. 

5.  3.  5.  2.  2  Sample  Quality 

Because  most  of  the  charges  in  Batch  1  of  the  PBAN-RDX  explosive  had 
many  small  depressions  on  the  surface  (Figure  114,  upper  left),  most  of 
them  were  X-rayed  to  determine  if  internal  voidB  existed.  Typical  results 
are  ahowr  in  Figure  115,  where  1/2-in.  voids  are  seen.  Since  most  of 
the  voids  appeared  at  the  periphery  of  the  charges,  one  was  ground  down  on 
a  lathe  and  the  observation  confirmed  (Figure  114).  This  result  supports 
the  conjecture  that  improper  temperature-control  of  the  molds  during  the 
casting  operation  caused  the  voids.  However,  since  the  critical  diameter 
of  this  material  is  somewhat  smaller  than  anticipated,  it  was  possible  to 
effectively  eliminate  the  voids  by  turning  down  most  of  the  charges  to  dia¬ 
meters  below  which  voids  were  present  (Figure  116).  Most  of  the  tests 
using  Batch  1  material  were  conducted  with  essentially  voidless  material. 

Samples  were  sent  to  Aerojet's  Solid  Rocket  Operations,  Sacramento,  for 
microtoming  and  photomicroscopic  examination  to  ensure  against  the  pos¬ 
sibility  that  a  large  amount  of  porosity  might  be  associated  wiih  the  voids 
found  in  this  material.  The  results  are  shown  in  Figure  117.  The  voids 
were  caused  by  the  microtome  blade,  as  evidenced  by  their  lack  of  spheri¬ 
city  and  the  lack  of  a  fuel-rich  fringe  around  the  holes.  This  infonnation, 
which  does  not  indicate  any  void  content  in  the  samples  analyzed,  gives 
some  assurance  that  the  samples  are  not  of  unusual  porosity. 

No  evidence  of  voids  or  porosity  was  found  in  Batches  2  and  3  of  this 
material  and  no  X-ray  or  photomicroscopic  examinations  of  this  material 
were  made. 


»DX  CONTENT  (WT  %) 

Figure  113.  Estimation  of  Correct  RDX  Content  to  Give  a  Critical  Diameter  of  3  in 
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APPENDIX  A  -  THE  THEORY  OF  CRITICAL  GEOMETRY 


I  M T  n 

in  *  w  t. 


In  evaluating  the  blast,  fire,  and  fragmentation  effects  to  be  antici¬ 
pated  from  the  detonation  of  large  solid- propellant  motors,  it  is  first 
necessary  to  determine  the  conditions  under  which  such  a  detonation 
can  take  place. 

Because  almost  all  propellant  grains  of  current  interest  are  not  right- 
solid  cylinders  but  contain  some  form  of  hollow  core  (e.g.,  internal 
star  perforation),  it  is  clear  that  the  critical  diameter  concept 
alone  is  not  sufficient  to  evaluate  the  detonability  of  such  systems. 

This  concept  is  further  limited  in  that  it  cannot  evaluate  the  effects  of 
variations  in  donor  intensity,  configuration,  and  location  on  even 
right-solid  cylindrical  systems. 

Thus,  to  account  for  variations,  both  in  grain  configu.  ation  and  in 
donor  intensity,  configuration,  and  location,  a  new  concept,  the 
"Theory  of  Critical  Geometry,  "  was  recently  developed. 

This  theory  determines  the  detonability  of  a  given  system  by  answering 
the  two  questions: 

a.  Is  the  given  solid-propellant  configuration  capable  of 
supporting  detonation? 

b.  If  the  configuration  is  capable  of  supporting  detonation, 
are  sufficient  forces  available  to  initiate  detonation? 

The  first  question  is  answered  by  determining  the  dimensions  of  a 
noncylindrical  charge  that  will  allow  sustainment  of  detonation  ( i .  e .  , 
the  "critical  geometry")  as  a  function  of  the  critical  diameter  of  a 
cylindrical  charge  of  the  same  material.  The  second  question  is 
answered  by  determining  an  initiation  criterion  (a  property  of  the 
given  material)  that  must  be  -net  by  the  stimulus  from  a  given  donor. 
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A-2  THEORY 

The  theory  of  critical  geometry  if  developed  by  evaluating  the  two 
pacts  of  the  problem  of  detonability  (i.  e.  ,  sustainment  and  initiation) 
separately.  Consider  a  long  uniform  propellant  charge  of  any 
constant,  cross-sectional  shape*. 

First,  it  is  assumed  that  regardless  of  grain  shape,  there  are  certain 
grain  geometries  that  will  support  a  unique  steady-state  detonation  to 
infinite  length.  Further,  for  those  geometries  capable  of  supporting 
detonation,  there  is,  at  some  distance  from  the  point  of  initiation,  a 
point  at  which  the  detonation  characteristics  will  be  independent  of  the 
mode  of  initiation  (although  this  initiation  must  be  strong  enough  to 
start  detonation  in  the  first  place).  For  such  geometries,  the  ability 
to  support  detonation  becomes  purely  a  property  of  the  acceptor 
material  without  regard  to  the  donor,  and  for  a  given  acceptor 
material,  it  becomes  purely  a  property  of  acceptor  geometry.  There¬ 
fore,  sustainment  can  be  studied  as  a  function  of  acceptor  geometry 
only.  It  is  then  possible  to  define  and  categorize  acceptor  geome¬ 
tries  as  (1)  subcritical  -  those  that  will  not  sustain  detonation; 

(i)  critical  -  those  that  just  support  detonation;  and  (3)  supercritical - 
those  that  amply  support  detonation. 

Second,  for  those  configurations  found  to  be  supercritical  with  respect 
to  sustained  detonation,  the  intensity,  configuration,  and  location  of 
a  donor  may  be  studied  to  determine  if  detonation  can  be  established. 
Since  such  a  study  of  initiation  requirements  contains  four  variables 
(donor  intensity,  configuration,  and  location,  and  a  supercritical 
acceptor  shape),  which  can  vary  over  wide  ranges,  the  simplest  case 
(symmetrically  end-initiated  right-solid  cylinders)  will  be  considered 
in  detail.  Following  this,  the  analysis  of  more  complex  systems  can 
be  made  by  allowing  a  gradual  step-by-step  deviation  from  simplicity. 


•  The  following  definitions  are  used  when  discussing  the  acceptor: 
Shape  =  form  of  the  cross-section  (e.  g.  ,  square, 
rectangular,  cylindrical,  etc.) 

Geometry  =  the  size  or  magnitude  of  a  given  shape. 
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A  -  2 .  1  .  1  Gene  ral 

The  critical  diameter  of  a  particular  material  i9  known  to  depend  on 
the  relative  energy  gains  and  losses  in  the  region  of  the  detonation 
reaction  zone.  The  energy  gains  depend  upon  the  reaction  zone  length, 
which  is  a  function  of  both  the  kinetics  of  the  detonation  reaction  for 
the  material  involved  and  the  velocity  of  the  detonation  wave' 
while  energy  losses  depend  solely  on  the  rarefaction  waves 
moving  in  from  the  lateral  portions  of  the  charge  . 

Therefore,  in  the  case  of  a  right- solid  cylinder,  the  two  factors 
affecting  the  distribution  of  energy  gains  and  losses  are:  (1)  detonation 
reaction  zone  length  (i.  e.  ,  kinetics  and  wave  velocity),  and  (2)  charge 
diameter  (i.  o.  ,  rarefaction  waves). 

In  the  general  case,  the  critical  dimensions  of  a  given  shape  will  also 
be  dependent  on  the  relative  energy  gains  and  losses  in  the  region  of 
the  detonation  reaction  zone.  Again  the  gains  will  depend  on  the 
reaction  zone  length,  and  thus,  on  the  kinetics  and  wave  velocity. 

Energy  losses  will  be  dependent  solely  on  the  lateral  rarefaction  waves, 
and  thus,  on  charge  geometry, 

Therefore,  in  the  general  case,  the  two  factors  that  affect  the  distri¬ 
bution  of  energy  gains  and  losses  are  (1)  detonation  reaction  zone  length, 
and  (2)  charge  geometry. 

Since  the  kinetics  in  the  reaction  zone  are  dependent  only  on  the  material 
properties  and  wave  velocity,  they  will  be  the  same  for 
any  geometry  at  the  same  velocity.  Thus,  energy  gains  will  be 
affected  by  charge  geometry  only  insofar  as  the  detonation  velocity  is 
affected.  If  it  is  then  assumed  that  the  detonation  velocity  is  approxi¬ 
mately  the  same  for  any  shape  at  the  critical  dimensions  of  the  shape, 
the  detonation  reaction  zone  length  will  be  the  same  for  every  shape  of 
the  same  material.  Therefore,  for  different  shapes,  energy  gains  will 
be  the  same,  and  the  only  factor  affecting  the  energy  balance  (and 
thus  the  critical  dimensions)  will  be  charge  geometry. 

The  theory  of  critical  geometry,  when  based  on  an  extension  of  the 
%  critical  diameter  concept,  may  then  be  developed  on  a  purely  geomet¬ 

rical  basis,  since  the  kinetics  and  wave  velocity  of  the  system  are 
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already  accounted  tor  in  the  critical  diameter  evaluation.  Also, 
since  charge  composition,  particle  size,  density,  and  temperature 
affect  the  reaction  zone  length  (but  not  the  iaiefuciion  waves;  the 
effect  of  changes  in  these  quantities  on  critical  geometry  will  be 
accounted  for  by  the  effect  of  these  changes  on  critical  diameter. 


The  effect  of  confinement  on  the  critical  geometry  concept  is  more 
complex,  since  it  affects  both  the  reaction  zone  length  (by  affecting  the 
wave  velocity)  and  the  rarefaction  waves.  However,  if  current  theories 
of  the  effect  of  confinement  on  critical  diameter 

can  be  used  to  define  an  equivalent  confinement  for  noncylindr ical 
shapes,  the  critical  geometry  concept  will  apply  without  change. 


A-2.  1.2  Critical  Geometry  Concept 

Based  on  the  reasoning  just  discussed,  a  simple  theory  of  critical 
geometry  is  developed  for  a  given  material  (i.  e.  .  unconfined,  fixed 
composition,  density,  particle  size,  etc.)  by  finding  a  function,  based 
on  the  parameters  that  describe  the  charge  geometry,  that  can  be 
made  the  critical  criterion.  ' 

It  is  assumed  that:  (1)  there  is  one  critical  criterion  for  any  given 
shape,  and  (2)  this  same  critical  criterion  holds  for  all  shapes. 
Therefore,  for  criticality  in  any  case,  the  parameters  used  must 
combine  in  such  a  way  as  to  give  the  critical  diameter  dc,  for  a 
solid  cylinder,  since  criticality  for  the  cylindrical  case  is  specified 
in  terms  of  only  one  parameter,  namely  the  charge  diameter. 

In  terms  of  energy  gains  and  losses,  the  important  features  of 
charge  geometry  for  any  shape  would  be: 

a.  Reactive  volume  (proportional  to  total  energy  output,  and 
thus,  to  energy  gains). 

b.  Surface  area  of  reactive  volume  (proportional  to  losses  by 
rarefaction  waves). 
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For  long,  uniform  charges  of  constant  cross-section 

Reactive  volume  a  Cross-Sectional  Area  x  Reaction  Zone  Length  (i) 

and 

Surface  area  a  Cross-Sectional  Perimeter  x  Reaction  Zone  Length  (2) 

Since  it  has  been  assumed  that  the  reaction  zone  length  is  approximately 
constant  for  any  shape,  the  pertinent  parameters  of  charge  geometry 
are  simply  cross-sectional  area  and  cross-sectional  perimeter.  If 
these  are  the  important  features  in  determining  the  critical  condition 
for  detonation  of  any  shape,  they  also  must  be  applicable  to  cylinders. 

In  addition,  since  it  is  known  that  for  cylinders  only  one  geometrical 
parameter  (i.e.  ,  charge  diameter)  is  necessary  to  do  this;  in  the  cylin¬ 
drical  case,  these  features  must  combine  to  give  charge  diameter,  d. 

Thus  for  a  cylinder  the  cross-sectional  area,  A  is 

*d2 

A  =  -  (3) 

4 

and  cross-sectional  perimeter,  P  is 

F  =  d  (4) 

The  proper  combination  must  be  (4  A/P)  since 


P  IT  d 


Therefore,  the  critical  condition  for  the  cylinder  becomes 


as  expected.  Because  the  proper  combination  of  geometrical  features 
has  been  found  in  the  particular  case.  Equation  6  may  be  genera¬ 
lized,  using  Assumption  (1),  page  A-5,  to  define  the  critical  criterion  in  the 
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case,  as 

=  cr  (7) 

c 


o-  =  the  "critical  geometry" 

Based  on  Assumption  (2),  page  A-5,  this  may  be  further  generalized 
by  observing  that,  if  dj.  is  the  critical  geometry  for  the  cylindrical 
case  (Equation  6),  it  must  also  be  the  critical  geometry  for  all  shapes. 
Thus, 

(T  *  d  (8) 

c 

and  Equation  6  can  be  assumed  to  be  applicable  to  all  shapes. 

To  use  this  equation  for  determining  the  critical  values  of  the  para¬ 
meters  that  describe  a  given  shape,  the  area  and  perimeter  of  that 
shape  are  written  in  terms  of  these  parameters,  and  (4A/P)  is 
found.  Criticality  results  when  this  becomes  equal  to  dc.  Solving 
this  equation  for  the  parameters  gives  their  critical  values  in  terms 
of  dc.  This  has  been  done  for  a  variety  of  nonperforated  cross- 
sectional  shapes  and  the  results  are  shown  in  Figure  A-l.  Of  par¬ 
ticular  interest  is  the  result  for  a  rectangle  of  infinite  (large)  width, 

In  this  case  the  theory  predicts  criticality  when  the  thickness  is 
one-half  the  critical  diameter  of  a  cylinder. 

Although  the  same  theory  may  be  applied  to  various  perforated 
shapes  as  shown  in  Figure  A-2  (the  perimeter  used  is  the  sum  of 
the  outside  and  inside  perimeters),  it  should  be  noted  that  the 
lateral  expansion  waves  in  the  perforated  sections  may  affect  one 
another  (1.  e. ,  interact)  in  such  a  way  as  to  delay  rarefaction  waves, 
and  thus,  to  reduce  the  loss  of  energy.  Accordingly,  the  results 
in  Figure  A-2  may  be  considered  conservative  in  that  the  critical 
dimensions  may  be  smaller  than  those  indicated.  In  any  instance, 
it  is  of  intereut  to  note  the  result  for  a  circular  core,  wherin,  for 
criticality  the  web  thickness  need  only  be  one-half  the  critical 
diameter  of  a  cylinder. 


general 

L  PJ 


where 


/w-utf  rr* 


V 


-1 


I 


0866-01'01)FP 
Page  A-10 

A-2.2  Initiation  of  Detonation 

A  -  2 .  2 .  1  Gene  ra i 

The  fact  that  a  material  will  sustain  detonation  does  not.  indicate  the 
ease  or  difficulty  in  initiating  the  detopation.  To  investigate  the 
initiation  of  supercritical  configurations,  the  effects  of  intensity, 
configuration,  and  location  of  the  donor  must  be  determined.  Intensity 
is  important  since  for  any  explosive  (acceptor)  there  is  a  critical 
shock 'pres  sure  below  which  no  detonation  will  occur  regardless  of  the 
siie  or  shape  of  the  acceptor  or  of  the  duration  of  the  shock  pressure* 

Also,  different  acceptor  geometries  may  require  different  intensities 
for  detonation.  Donor  configuration  and  location  are  important,  since 
the  spatial  distribution  of  the  shock  produced  determines  if  initiation 
will  lead  to  sustainment. 

Because  these  variables  can  take  on  many  values,  the  concept  of 
initiation  is  discussed  for  the  symmetrically  en. ’-initiated  right-solid 
cylinder  first,  and  then  extended  to  more  complex  systems. 

A-2.2,  2  Initiation  Concept 

Shock  Sensitivity:  ,  . 

Because  shock  pressure  is  considered  the  most  important  parameter  in 
causing  shock-initiated  detonation,  the  sensitivity  (i,  e.  , 
ease  of  initiation)  of  a  given  material  may  be  evaluated  in  terms  of  the 
minimum  shock  pressure  required  to  initiate  detonation.  From  this,  a 
sensitivity  (initiation)  criterion  can  be  determined  as  a  property  of  the 
given  material  itself  and  independent  of  its  shape.  Based  on  this 
criterion,  it  is  possible  to  determine  whether  a  given  donor  will  or  will 
not  cause  initiation  of  detonation  by  determining  if  the  stimulus  imparted  j 

to  the  acceptor  has  met  the  criterion.  The  shock  pressure  transmitted  j 

to  an  acceptor  will  depend  on  the  properties  of  the  donor.  Initiation  of  j 

detonation  will  occur  if,  at  any  time  in  its  propagation  through  the  acceptor, 
the  shockwave  parameters  are  such  that  the  sensitivity  criterion  iti  met. 

Because  the  criterion  is  independent  of  grain  shape,  it  is  most  easily 

determined  by  reference  to  the  simplest  case;  symmetrically  end- 

initiated  right-solid  cylinders.  ■  i 

4 

____________________  7 

■^Shock-pressure  duration  is  also  important  and  is  discussed  further  j 

on  page  A -23,  Pressure  Pulse  Duration.  ? 

I 

1 
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Cvlmdrical  Systems  -  Initiation  Criterion: 

It  has  bcnn  well  established  that  detonation  velocity  for  right- solid 
cylinders  increases  with  charge  diameter  from  a  minimum  at  the 
critical  diameter  iv  .m  asymptotic  maximum  at  the  ideal  diameter. 

From  this  it  is  proposed  that  the  minimum  shock  pressure,  P+, 
("P-cross")  required  to  initiate  detonation  varies  with  aiamrter. 

Since  below  dc  it  is  impossible  for  tin*  explosive  to  sustain  detonation, 
it  can  be  assumed  that  P+  at  t!(  is  a  maximum.  As  diameter  increases, 
it  is  expected  that  P  +  decreases  and  flattens  out  in  the  "ideal"  region. 
Figure  A- 3  is  a  representation  of  -.udi  a  plot.  The  asymptote  is  P* 
("P-stnr"),  the  shock  pressure  required  to  initiate  detonation  'n  the 
"ideal"  region.  This  plot  of  Figure  A- 3  indicates  a  spatial- intensity 
relationship  that  is  necessary  for  initiation,  i.e.,  the  initiation 
criterion.  Any  pressure-diameter  condition  above  the  line  ("Go" 
region)  will  give  initiation;  conditions  below  ("No-Go"  region)  will  not.  . 
•Therefore,  the  initiation  cn'ci  i  is  seen  to  contain  two  parameters 
A’;'  :•  1 1 ,  an  shown  sn  T;  A-d^,  and  presented  on  Page  A-'li,  the 

don  contains  a;  least  three  parameters,  the  following  arguments 
are  not  impair-.?  .  This  sensitivity  curve  was  n*  sz'.iih  - 

lished  recently  tor  a  detonaMa.  r*-^**-;  m,  ...•  rt- .  ■  lV  ,j  ln 

Figure  A  -  j  I’ll  ..  .  uiijlmii..'  ■  y  ■  ei,  r.  iniii;,  ilio  i  ip  m  shock  • 

pressure  necessarv  : ■.a-  „i  us;n;,,  carious  diar.  •  ■ ,  r  -.-.u-:. 

oaP  to  1  t'luj'umol  ,.iethod  to  t  lm  results 

Since  this  criterion  is  applicable  oniy  to  cylindrical  systems,  it  must 
be  extended  so  that  it  is  also  applicable  to  none  y!  ind  ric-al  systems,  and 
thus  be  a  property  of  the  material  used.  Before  extending  this  criteri.  >■ 
to  noncylindrical  systems,  it  would  be  desirable  to  see  how  the  criterion 
in  the  cylindrical  case  can  be  used  to  determine  if  initiation  will  occur 
with  a  given  donor. 

Cylindrical  Systems  -  Shock  Pressure  Initiation: 

Consider  a  cylindrical  donor  placed  symmetrically  at  the  end  of  a 
cylindrical  acceptor  as  shown  in  Figure  A- 5.  The  cylindrical  initiation 
criterion  can  then  be  combined  with  donor  geometry  consideration  to 
see  if  initiation  occurs,  i.  e.  ,  if  the  "Go"  region  in  Figure  A  -  3  w  ill  be 
reached. 


DIAMETER  OF  CHARGE.  <3.  IN. 
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After  the  donor  detonates1*,  a  shockwave  enters  the  acceptor  and 


..  ~  -i;  -a.-  u  , 

ii  w  utaaw  *-»s 


circles  in  F inure  A -3. 


Knowledge  of  how  this  wave  attenuates  in  a  given  case  gives  the  relation 
between  pressure  and  the  maximum  diameter  of  the  wave,  d,  in  tne 
acceptor.  If  the  donor  gives  an  initial  shock  pressure  (P.,  Figure  .n-3), 
in  the  acceptor  such  that  Pj  <  P*  (Figure  A- 3).  no  initiation  will  occur  for 
any  donor  (or  acceptor)  shape.  In  the  case  where  P^  >  P1*,  three 
possible  conditions  exist: 


Ca  se  1 : 


d  < 

donor 


Case  2 :  dr  <  d  .  <  d, 

c  —  donor—  i 


Case  3 :  d  >  d. 

donor  l 

In  Case  1,  the  shockwave  will  start  at  a  diameter  smaller  than  the 
critical  diameter  of  the  acceptor  but  at  an  intensity  greater  than  P*. 

In  this  case,  d  can  be  treated  as  a  variable.  Two  possible  types  of 
attenuation  that  v  ary  with  d  may  be  considered.  These  attenuation 
curves,  superimposed  on  Figure  A- 3,  are  illustrated  in  Figure  A-u.  For 
Curve  1,  the  transmitted  pressure  P^  is  greater  than  P*  and  will  thus 
cause  local  reaction  as  it  begins  to  at  enuate.  However,  these  local 
reactions  will  not  cause  sustained  detonation.  Since  this  curve,  as 
drawn,  always  stays  below  the  "Go"  region,  no  sustained  detonation  can 
occur  and  the  local  reactions  will  die  out  When  the  pressure  has  attenuated 
below  P*. 

For  Curve  2,  local  reaction  only  will  take  place  until  the  curve  has 
entered  the  "Go"  region  at  d+  (d-cross).  At  this  point,  detonation  will 
begin  at  a  rate  commensurate  with  d+  as  read  from  the  D  vs  d  plot 
(Figure  A-b).  Wave  attenuation  has  no  meaning  after  detonation  begins 
(dotted  line).  The  velocity  will  increase  to  Dj  as  the  detonation  front 
expands  to  the  full  diameter  of  the  charge  (Figure  A-6).  Since  Curve  2 
may  cross  into  "Go"  region  at  any  point  on  the  P+  vs  d  curve,  d+  may 
be  anywhere  between  dc  and  dj,  and  the  corresponding  initial  velocity 
will  be  known  from  the  D  vs  d  plot.  It  is  clear  that  for  Case  1,  even 
though  the  donor  diameter  is  smaller  than  the  critical  diameter  of  the 


*  The  donor  diameter  may  be  considered  to  be  above  its  own  ideal 
diameter  in  all  cases, 
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Case  2  may  be  visualized  in  much  the  same  way  as  Case  1  except  that 
three  possibilities  exist.  These  are  illusfrated  by  Curves  1.  2.  and  3, 
Figure  A-7.  If  is  greater  than  P+  for  tin-  particular  diameter 
(i.  e.  ,  then  detonation  will  begin  immediately  (Curve  1). 

This  detonation  will  start  at  some  velocity  higher  than  given  in  the  D 
vs  d  plot  (i.  e.  ,  overboostering)  and  the  velocity  will  reduce  in  some 
complex  manner  to  Dj.  This  will  be  complex  since  the  detonation  wave 
is  increasing  in  size  from  d^onor  to  d^ea|,  which  tends  to  increase  its 
velocity,  while  overboostering  leads  to  a  reduction  in  velocity  toward 
the  unique  steady-state  condition  shown  in  the  O  vs  d  plot.  Once  the 
detonation  velocity  has  reached  1}$  it  will  continue  at  this  velocity 
indefinitely  as  long  as  daccep^or  is  greater  than  dj. 

It  is  also  possible  for  Pj^  to  be  less  than  P*  for  a  given  d^onoj-.  In  this 
case,  the  attenuation  may  proceed  along  either  of  two  curves  (Curves  2 
and  3,  Figure  A-7).  For  Curve  2,  only  local  reaction  is  expectoH 
until  Pj2  has  attenuated  to  P*.  Curve  3  is  identical  to  Curve  2  Fig 
ure  A-6  in  '.hui  local  rt“cw>ii  will  occur  until  the  curve  enters  the  "Go" 
region  (whicn  can  be  at  any  point  along  the  P+  vs  d  curve).  At  that 
point,  detonation  will  begin  at  a  velocity  commensurate  with  d+.  Again, 
wave  attenuation  is  meaningless  after  detonation  begins.  From  these 
possibilities,  detonation  may  or  may  not  occur  even  where  d^onor  >« 
greater  than  the  critical  diameter  but  less  than  the  ideal  diameter. 

For  Case  3  (d^onor  >  ^i)»  detonation  will  begin  immediately.  Again, 
overboostering  (i.e.,  Pj  >  P*  in  the  "Go"  region)  will  cause  the  initial 
velocity  to  be  greater  than  Dj.  However,  the  velocity  will  decrease  to 
Dj  in  a  simple  manner  since  there  are  no  diameter  effects. 

As  indicated,  the  way  in  which  the  incoming  wave  attenuates  will  deter¬ 
mine  whether,  in  a  given  case,  the  "Go"  region  will  or  will  not  be 
reached.  Thus,  the  dotted  concentric  semi-circles  in  Figure  A-5  which 
represent  pure  spherical  attenuation,  are  only  schematic  in  that 
attenuation  (especially  with  local  reaction)  takes  place  in  a  more  com¬ 
plex  manner. 

From  this  discussion,  symmetrical  right-solid  cylindrical  systems 
can  be  evaluated  for  initiation  of  detonation  by  establishing  a  sensitivity 
criterion  previously  stated  and  determining  if  this  criterion  is  met. 

This  was  done  fo  be  propellant  previously  mentioned 
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for  hypervelocity  pellet  impact  (i.e.,  the  donor).  The  method  was 
used  to  predict  if  a  pellet  of  a  given  velocity  and  size  would  or  would 
no t  initiate  uciuniliun  in  the  propeiiant.  the  agreement  with  the 
experimental  data  was  excellent. 


Noncylindrical  Systems  -  Initiation  Criterion: 

From  the  analysis  of  the  cylindrical  system,  it  is  possible  to  develop 
a  more  general  initiation  criterion  for  any  shape.  This  can  be 
accomplished  by  noting  in  Figure  A- 3  that  the  "Go"  region  is  bounded 
by  a  shock  pressure-diameter  condition.  Based  on  kinetics  and  heat 
transfer  considerations,  it  is  likely  that  the  bounding  curve  is  a  shock 
pressure-area  condition.  That  is,  initiation  will  take  place  when  a 
given  shockwave  in  the  acceptor  has  a  sufficient  shock  pressure 
covering  a  sufficient  area.  In  this  case,  Figure  A-3  would  be  replotted 
as  in  Figure  A-8,  where  A  is  the  critical  area  of  the  material  corre¬ 
sponding  to  the  critical  diameter  and  A.  is  th<  ;  eal  area  corresponding 
to  the  ideal  diameter.  Figure  A-9  shows  the  same  transformation  for  the 
data  in  Figure  A-4.  Because  a  shock  pressure-area  condition  does  not 
depend  on  the  shape  of  the  charge,  the  initiation  criterion  becomes 
independent  of  the  cylindrical  system  (although  it  iB  most  easily  found 
in  the  cylindrical  system)  and  is  applicable  to  any  shape.  The  initiation 
criterion  therefore  becomes  a  property  of  the  given  material  only. 

Noncylindrical  Systems  -  Shock  Pressure  Initiation: 

Using  this  new  criterion  it  is  possible  to  determine  if  initiation  will 
take  place  with  a  given  donor  (of  any  configuration  and  location)  through 
an  analysis  similar  to  that  described  in  a  previous  section.  That  is,  will 
the  "Go"  region  (Figure  A-8)  be  reached  by  the  input  shock  stimulus. 

Since  there  are  no  restrictions  on  the  acceptor  shape,  or  on  the  donor 
configuration  or  location,  the  way  in  which  the  input  shockwave 
attenuates  (i.  e. ,  how  shock  pressure  and  area  of  the  wave  vary)  can 
be  complex.  It  is  possible  for  the  wave  to  move  in  and  out  of  the  "Go" 
region  because  of  the  acceptor  geometry  (e.g.,  side  initiation  of  a 
hollow- core  cylinder).  However,  it  is  anticipated  that  for  any  given 
shape,  and  donor  configuration  and  location,  the  shock  pressure  area 
history  ox  the  input  shock  may  be  followed  by  sond  geometry  consid¬ 
erations  (c.  g. ,  the  area  of  the  •.-•••? -*ion  o i  i  spherical  Honor  wave  and 

a  hollow-core  cylindrical  acceptor)  a.ia  hydrodynamic  theories  of 
attenuation.  Such  an  analysis  wiii  prcbab’>  require  the  use  of  high¬ 
speed  computer  techniques. 


ipurc  A-7.  Kflc-ct  of  Different  Shock  \ttenuation  Curves  on  Initiation 

of  Detonation  (Case  2.  d  <  cl  id  ) 

c  donor J  i 
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-Initiation  Criterion. 


Figure  A -9.  Shock  Pressure  Required  to  Initiate  Detonation  Versus 
Area  of  Wave  for  a  Detonable  Propellant- Initiation  Criterion. 
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Further  Considerations: 


a.  Pressure  Pulse  Duration 


Wfenit  1  On  * 


~r.  j 


An  1*\ 

parameters  instead  of  the  two;  shock  pressure,  and  area.  This  aspect 
of  the  problem,  which  has  not  yet  been  considered,  is  the  effect  that  the 
time  duration  of  the  pressure  pulse  in  the  acceptor  has  upon  initiation. 
From  arguments  similar  to  those  previously  presented,  one  would  pre¬ 
dict  the  existence  of  curves  of  initiating  shock  pressure,  P+,  vs  pulse 
width,  w,  at  a  given  area  over  which  the  shockwave  is  applied,  similar 
to  the  P+  vs  A  plot,  Figure  A-8.  A  three-dimensional  plot  of  P+  ,  A,  and 
w  (pulse  width)  would  then  form  a  surface  separating  the  "Go"  from  the 
"No-Go"  regions.  By  analogy  with  Figure  A-8,  a  "Go"  would  result 
whenever  a  shock  attenuation  curve  touches  or  penetrates  this  surface. 


This  situation  may  be  visualized  in  Figure  A-10  which  is  a  plot  of  shock 
pressure,  F}  vs  area,  A,  and  pulse  width,  w.  The  shaded  surface 
represents  a  plot  of  P+ vs  A  and  w.  This  surface  is  bounded  on  the 
front  by  the  plane  of  critical  area,  below  which  no  value  of  pressure  or 
pulse  width  can  cause  initiation.  On  this  plane,  there  are  finite  values 
of  pressure  that  will  cause  detonation  depending  on  the  pulse  width. 


The  "Go"  surface  is  asymtotically  bounded  on  the  left  by  a  plane  of 
critical  pulse  width,  wc,  below  which  initiation  cannot  occur  for  any 
pressure  or  area.  On  this  plane,  the  pressure  required  to  initiate  is 
infinite,  for  any  area.  This  plane  must  exist  since  as  the  pulse  width 
becomes  smaller  the  time  allowed  for  the  initiation  reaction  becomes 
shorter.  A  point  is  reached  where  the  chemical  reaction  cannot  got 
started  because  the  shock  pressure,  no  matter  how  high,  is  not  applied 
long  enough. 


For  large  values  of  w,  and  for  any  value  of  A,  the  surface  asymtotically 
approaches  a  plane.  This  is  called  the  plane  of  P#,  and  represents  the 
minimum  pressure  below  which  initiation  cannot  occur  even  for 
infinite  pulse  width  and  area.  In  Figure  A-8,  the  indicated  value  of  P* 
represents  a  minimum  value  of  the  required  initiating  pressure  for  a 
given  pulse  width  and  large  values  of  A:  In  Figure  A-10,  the  individual 
minimum  values  for  a  given  pulse  with  (P  vs  A  curves)  become  lower 
as  the  pulse  width  increases  and,  as  w  approaches  infinity,  there  is 
a  lower  limit  of  the  individual  minimums.  That  is,  for  infinite  pulse 
width,  there  is  still  a  pressure  below  which  initiation  will  not  occur.  In 
Figure  A-8,  the  same  minimum  pressure  is  approached  as  A  increases 
in  the  "ideal"  region  (P  vs  w  curves  in  Figure  A-10),  This  new  minimum 
pressure  becomes  a  redefinition  of  P*  (as  described  in  a  previous  section) 
and  is  represented  by  a  plane  in  Figure  A-10  that  bounds  the  surface  on 
the  bottom  for  large  values  of  w. 
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inside  the  bounds  described,  represents  the  "Go"  region;  any  condition 
below  this  surface,  or  outside  these  bounds,  renresents  the  "No-Go1 
region.  In  Figure  A- 10,  a  shock  attenuation  curve  intercepts  this 
surface,  indicating  initiation  of  detonation  at  that  point.  As  is  pre¬ 
viously  described,  this  detonation  will  begin  with  a  velocity 
commensurate  with  d+  (found  from  A+)  as  read  from  the  D  vs  d  plot. 


Other  types  of  attenuation  curves  may  be  similarly  evaluated  to  see  if 
they  will  or  will  not  enter  the  "Go"  region  and  initiate  detonation. 

The  P+  vs  w  and  A  surface  shown  in  Figure  A-10  represents  the  initiation 
properties  of  the  acceptor  material  and  is  independent  of  the  shape  of 
the  material  in  the  same  way  as  the  P+  vs  A  curve  of  Figure  A- 8 
represented  a  property  of  the  acceptor  material.  It  should  also  be 
noted  that,  in  this  case,  the  initiation  takes  place  when  a  given  shock- 
wave  in  the  acceptor  has  a  sufficient  shock  pressure  covering  a 
suf  cient  volume.  This  concept  of  initiation  is  in  agreement  with 
current  theory. 

Although  the  iritiation  criterion,  as  pictured  in  Figure  A-10,  is  more 
complete,  it  complicates  analysis  since  the  input  wave  in  a  given  case 
must  be  analyzed  for  pulse  width  as  well  as  for  shock  pressure  and 
area. 

b.  Pressure  Pulse  Shape 

Another  important  aspect  of  the  problem  of  initiation  which  was  not 
considered  in  ;he  discussion  is  the  effect  of  the  shape  of  the  pressure 
pulse.  This  shape  would  affect  the  kinetics  of  the  initiation  reaction  and 
thus  alter  the  initiation  criterion  as  depicted  in  Figure  A-10.  For  a  given 
pressure,  pulse  width,  and  area,  a  variation  in  the  pulse  shape  might 
shift  a  particular  condition  from  the  "Go"  to  the  "No-Go"  region,  or 
vice  versa.  i 


c.  Distribution  of  Parameters-Integrated  Properties 

In  a  real  shockwave,  the  pressure,  pulse  width,  and  wave  shape  will  be 
different  in  different  parts  of  the  wave.  Therefore,  a  distribution  of 
these  parameters  in  Bpace  is  to  be  expected  and  the  concept  of  a  simple 
initiation  criterion,  and  the  requirements  for  meeting  this  criterion, 
might  become  vague.  To  avoi-2  the  many-dimsnsior.al  nature  of  this 
problem,  and  to  provide  a  simple  method  of  analysis,  it  may  be  possible 
to  use  area  and  the  integrated  value  of  pressure  over  the  pulse  width 
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criterion.  Thus,  Figure  A-8  would  become  a  plot  of  U  vs  A  where  Q 
is  given  by: 


0  =  ^  ^  C  1*  Vs  dwdxdydz, 


and  x,  y,  z  are  the  three  space  coordinates.  In  this  case,  the  O  and 
area  of  an  input  shockwave  would  be  followed  as  it  attenuates  and 
initiation  would  occur  if  the  O-  area  value  reached  the  "Go"  region. 

This  approach  is  considered  tentative  in  that  it  may  or  may  not  be 
necessary.  The  initiation  criterion  previously  described  may  prove 
satisfactory  in  practice. 
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1.  INTRODUCTION 

Th®  critical  diameter*  of  composite  non-porous  propellant  systems  have^,  In 
the  part,  been  ertimated  to  range  from  10'  -  50’.  The  enormous  cost  of  the  experi¬ 
mental  effort  required  to  reliably  determine  the  critical  diameter  has  long  been  apparent. 
These  potential  costs  provide  a  very  strong  Incentive  for  the  generation  of  a  realistic 
theoretical  model  ccpable  of  providing  estimates  of  the  critical  diameter  based  upon 
the  physical  and  chemical  naturo  of  the  propellant  and  the  nature  of  the  Initiating  pulse. 
Such  a  model  would  be  particularly  valuable  if  it  could  provide  the  highly  desirable 
Information  concerning  the  transient  behavior  and  partial  yields  in  the  sub-critical 
region. 

2.  NATURE  OF  THE  PROBLEM 

It  Is  quite  ovldent  that  the  analysis  of  the  two  dimensional  flow  with  the 
boundary  conditions  Involved  in  critical  diameter  analysis,  can  only  be  handled  rigor¬ 
ously  by  means  of  machine  comoutational  techniques.  (Yevious  analytical  approxima¬ 
tion  Including  the  Jones  model*  and  the  Eyrlng  model^  are  severely  limited  because 
the  ossentially  one-dimensional  approximations  Involved  eliminate  important  elements 
of  realism.  They  are  also  essentially  steady  state  analyses,  although  the  Eyrlng  theory 
has  been  extended  to  the  non-steady  state  regime. 

Previously  reported  numerical  studies  of  the  transient  Initiation  problem  have 
either  bean  one-dimensional  or  have  involved  the  analyses  of  the  two-dimensional  flow 
avoond  a  single  Imperfection. 

The  major  goals  of  the  research  program  described  here  and  its  guiding 
philosophy  are  as  follows: 

(1)  Tha  major  goal  has  been  the  determination  of  the  feasibility  of  attain¬ 
ment  of  a  capability  to  compute  the  two-dimensional  combined  hydrodynamic  and 
chemical  kinetic  aspects  of  the  transient  Initiation  problem  for  a  simple  circular  cylindei 
initiated  at  one  end. 

(2)  If  this  capability  could  be  attoined,  it  was  to  be  followed  by  the  appli¬ 
cation  of  such  computations  to  the  sub-critical  transient  regime  of  a  cylindrical  homo¬ 
geneous  reactive  system,  where  choice  of  nitromethane  as  the  particular  homogeneous 
rsactive  system,  was  based  primarily  upon  the  rendy  availability  of  a  good  equation 

of  state  and  reliable  cliemlcal  kinetic  data.  This  would  minimize  the  effort  required 
In  connection  with  acquisition  of  input  data,  and  maximize  the  effort  in  establishing 
feasibility  of  the  technique. 

The  specific  approach  used  in  this  research  program  and  the  results  obtained 
are  described  in  this  report. 
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GENER.fl  DESCRIPTION  Of  THE  SHE?  PROGRAM 


3.1 


GENERAL 


The  SHEP  program,  written  in  FORTRAN  II  language,  represents  a  computa¬ 
tional  procedure  which  is  copable  of  treating  one-  and  two-dimensional  time  dependent 
hydrodynamic-chemical  kinetic,  clastic,  and  elastic -plastic  phenomena  In  compressible 
homogeneous  isotropic  media.  As  applied  to  detonation  phenomena,  the  SHEP  program 
makes  possible  the  simultaneous  numerical  solution  of  the  fundamental  equations  which 
include 


(a)  Equation  of  motion, 

(b)  Equation  of  continuity, 

(c)  Energy  equation, 

(d)  Chemical  reaction  rate  equation,  and 

(e)  Equation  of  statu 


for  a  cylindrically  symmetrical  charge,  yielding  details  of  the  process  of  shock  initiation 
of  detonation,  or  of  the  failure  of  detonation.  A  brief  discussion  of  the  general  computa¬ 
tional  approach  is  as  follows, 

3.2  FORMULATION 

The  SHEP  program  is  based  on  a  Lagrangian  formulation  employing  a  convective 
coordinate  system  which  moves  and  distorts  with  the  material ,  For  coses  in  which  the 
material  undergoes  severe  distortion,  an  "overlay"  process  provides  a  means  for  redefining 
a  deformed  grid  system  into  a  new,  undeformed  grid  system.  The  integration  of  the  partial 
differential  equations  describing  the  hydrodynamic -chemical  kinetic  processes  is  performed 
by  a  numerical  procedure  which  is  based  on  finite  difference  techniques  in  both  the  space 
and  time  variables.  For  problems  in  which  shock  ond  detonation  waves  develop,  an 
"artificial  viscosity"  term,  which  is  part  of  the  computational  formulation,  provides  sta¬ 
bility  of  the  numerical  procedure  in  the  vicinity  of  the  shock  or  detonation  wave. 


Initial  conditions  for  a  particular  computation  consist  of  dividing  the  plane  of 
symmetry  passing  through  the  longitudinal  axis  of  the  cylindrical  body  of  given  dimen¬ 
sions  Into  small  rectangular  areas  or  "cells,"  and  specifying  initial  conditions  of  stress, 
strain,  velocity,  density,  and  internal  energy  for  these  cells.  After  initiation  of  the 
computational  process.  Initially  rectangular  cells  may  deform  into  non-rec  tangulur  quad¬ 
rilaterals  depending  on  the  hydrodynamic  and  chemical-kinetic  conditions  and  the  material 
properties  existing  in  the  various  cells. 

In  order  to  carry  out  computations  on  detonation  behavior  oiie  must  supply  the 
following  input  specifications  to  the  SHEP  program. 
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equation  of  state  must  relate  pressure,  relative  density  and  specific 
internal  energy), 

(2)  a  chemical  kinetic  rate  expression  for  reactive  materiel*  (the 
form  of  the  rate  expression  as  well  as  the  values  of  any  parameters 
appearing  In  the  rate  expression  must  be  provided), 

(3)  if  elastic  behavior  is  to  be  considered  the  shear  modulus  and 
Young's  modulus  must  be  furnished,  and 

(4)  if  plastic  flow  is  expected  a  valuo  of  the  yield  strength  must 
be  specified. 

3.3  FUNDAMENTAL  EQUATIONS 


Expressing  the  basic  equations  of  the  SHEP  program  in  cylindrical  coordinates 
one  obtains: 


(1)  Equation  of  Motion : 

..  bS--  r 

pz  = _ il  r  _JLr 

dz  dr 


where 


fir' 


dz 


+ 


sz*=  szx-<p  +  q>  » 
Srr  -  Srr  -<P+q>  * 

see  =  see  "  *p  +  ci> 


(2)  Equation  of  Continuity: 


V 

V 


(2) 


(3)  Energy  Equation: 

e  =  vr+,)  v  i  v(s„  ;ZI .  s„  irr  .  sffl  ;99  ♦  t„  i„)  .q i ,  0) 


where 


where 
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»  *K 


V*»/ 


Chemical  Reaction  Rare  Expression; 
-ja 

^-A(W)  )  Hi  # 


(4) 


(5)  Equation  of  State: 

(a)  Elastic  behavior: 

Kz  =2M<k  )  1  6 


zz 


•  »  i  v 

S  =  2  y  (f  -  —  — )  +  6 
rr  M  rr  3  y  rr 


see  =^M(<ee“  3  - * 
L  =M<fzr>+  6, 


rr 


•  3£  •  r 

f«  =  x:;ce0=r 


:  -  ;  .  *r  . 

"  d,  xr  X  +  &r  ' 


r  r 


r  wz 

(b)  Hydrostatic  behavior: 


(5) 


Any  of  the  following  five  forms  of  the  equations  of  state  may 
be  specified  presently  in  the  SHEP  program 

(i)  Los  Alamos  Metal  Fit 

P=  (A  I  B€  H  ce2)(^  !  €)"'  !  (ft 

1 

and  where  p0,  a],  a2,  b0,b|,  b2, 

CQ,  C|  are  empirical  constants 

|i  17  -  I 

A  -  u  (a]  t  02  |(i  i  ) 

B  =  b0  +  b]  p  +  bj 


C  '  Co  +  cm 
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where  07,  aj,  0j,  04  and  a^  are  constants 
(III)  Tabular  PH 

Double  linear  interpolation  on  1 09  *?.  log  e'  is  employed  in 
a  table  of 

P(log  Tf,  log  e')  (8) 

where  e'  =  e  *-  e^ 
o 

and  where  the  table  Is  uniform  in  log  e' ,  but  not  In  log  77 
(Iv)  Wilkins'  Analytic  Fit 

P  =  A  -t  Be  ,  (9) 

where 

c=  poe 

A=  o0  +  olM  fojMM' +  03^ 

8=  tfe  +  b,y  -t  b^/i2  +  b3*i3 

4  =  77  -  1,  and  =  |  n  |  if  <  0 

4'  =  H  ^  s  0 

where  p^,  07,  03,  03,  bQ,  bj,  1^,  b3«  and  ore  constants 
(y)  Gamma  law  Gas 

P=  (y-|)pe,  (10) 

(c)  Plastic  Behavior: 

Von  Mises  Yield  Condition: 

(s,2  +  Sj2  +  S32)  -  (7/3)  <Y°)2  0  , 


(ID 
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where  V°  -  material  strength 

and  S | ,  Sj,  and  S3  are  the  principal  stress  dcvlators. 
The  notation  In  equations  (I)  through  (1 1)  is  os  follows: 


i,  r,  9 

cylindrical  coordinates 

z 

velocity  in  z  direction 

r 

velocity  in  r  direction 

^zz'  ^rr'  ^6Q 

total  stresses 

Tzr 

shear  stress 

Szz*  srr'  see 

stress  deviators 

Czz'  V  '96*  1 

f  strains 

zr 

P 

hydrostatic  pressure 

H 

"artificial  viscosity" 

V 

specific  volume 

E,  e 

specific  internal  energy 

0 

density 

Q 

heat  of  reaction 

f 

burn  fraction 

A 

frequency  factor 

N 

order  of  reaction 

Ea 

activation  energy 

R 

ideal  gas  constant 

T 

temperature 

n 

compression  -  p/  pQ 
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li  shear  modulu:  in  Eon.  (5),  otherwise  p  -  1  -  r/ 

y  ratio  of  specific  hears. 

\  derailed  discussion  of  the  flnlre  difference  equation*  for  Equotlon  (1),  (2), 

(3),  and  (5l  Is  preserved  In  Reference  (4).  Equation  (4)  Is  solved  by  means  of  the  Runge 
Kutta  method  considering  the  burn  fraction  and  the  specific  Internal  energy  which  Is 
related  to  temperature  by  E  -  E  ■  Sy(T  -  T0)  as  functions  of  time  within  a  hydrody¬ 
namic  finite  difference  time  step. 

4.  SOLUTION  OF  ONE-  ANO  TWO-DIMENSIONAL  DETONATION 

PftOfelfeMS  BY  mEanIS  Of  ThE  §h£p  FrQGRAm 

4.1  GENERAL 

ftlor  to  discussing  In  some  detail  the  camputatioral  results  obtained  by  the 
SHEP  program  as  applied  to  a  homogeneous  explosive,  a  brlff  statement  of  previous  work 
In  this  field  will  be  helpful.  The  first  published  results  of  tl*  numerical  integration  of 
the  one -dimensional  time-dependent  hydrodynamic  equations  Including  chemical  energy 
release  as  related  to  the  Initiation  of  detonation  appeared  In  1959^.  This  work,  os  well 
as  an  Investigation  published  shortly  afterword^  achieved  only  qualitative  agreement  with 
expedient.  Subsequently,  one  dimensional  studies  carried  out  for  homoaeneous  explo¬ 
sives7-  have  shown  much  better  agreement  with  experimental  results.'1-  In  addition 
there  have  been  two-dlmen.Ior.al  studies  of  shock  Interactions  with  a  single  Imperfection. 
However,  no  published  results  exist  In  the  literature  on  the  two-dimensional  computation 
of  initiation  and  failure  of  detonation  In  o  homogeneous  or  inhomogeneous  explosive  charge 
as  functions  of  charge  radius.  In  order  to  be  able  tc  estimate  the  critical  diameter,  detona¬ 
tion  velocity,  detonation  front  curvature,  detonation  pressure,  and  the  transient,  sub- 
crltlcal  fodeout  process,  one  must  employ  appropriate  expressions  for  the  equation  of  state 
and  chemical  reaction  rote  and  also  permit  2D  boundary  effects  to  influence  the  reaction. 

It  Is  desirable  first  to  apply  the  computational  method  to  a  homogeneous  explosive  before 
proceeding  to  the  quite  complex  problem  of  treating  the  Inhomogeneous  case.  For  this 
reason  a  careful  computational  study  of  shock  propagation,  shock  initiation  of  detona¬ 
tion  and  failure  of  detonation  In  nltromethane  was  undertaken,  especially  since  quite 
reliable  equation  of  state,  chemical  reaction  rate  and  experimental  data  on  detonation 
behavior  for  nltromethane  are  available.  A  discussion  of  the  equation  of  state  and 
chemical  ret  tlon  rate  expression  for  nltromethane  employed  In  this  study  wili  be  followed 
by  a  discussion  of  computational  techniques  of  combining  efficiently  the  numerical  solu¬ 
tion  of  the  hydrodynamic  and  chemical  kinetic  differential  equations,  end  by  a  discussion 
of  computational  results. 

4.2  EQUATION  OF  STATE  FOR  NITROMETHANE 

We  believe  the  best  recently  developed  equation  of  state  for  nltromethane  to  be 
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me  one  presentee  in  Reference  M.  Thl *  equotfon  of  state  has  been  derived  on  the  basts 
of  work  described  In  Reference  1  5  and  can  be  stated  os  follows: 

v-v  „<.>[!  .(^±± _ ~j  0 

i  \p  •£)  (a  ■  /3)<n  (I  .■£) J 

E-f^  -  Piv-vj  r  M(a)<P-' a)  -  p(a)  [t  ll  1  . .  ia  -  P 

2  la  ‘  0)  '  n  ( i  2) 

0 


where 


+  (a  *  0)  In 


(H) 


)  .  0  , 


nW  *  ;  -Vq  *  «■>'»* 

2a  a 

where  V  specific  volume 

Vc  0.8861  cmV1 

P  pressure 
a  1 .637 


2  ..2 1  7 


C0'  1 .647  km  sec 


8  15.8  Kbar 

along  the  Hugonlot  curve 

EH  *  Eo  *  J  PH  *(PH> 


Vh  =  v.-ulfn) 


In  Reference  14  a  derivation  of  the  thermal  equation  of  state,  T  «  T(P,  V),  Is  given 
and  calculated  values  of  Cy{T)  and  Cy(V)  for  families  of  Isobars  and  isentropes  are 
given  In  graphical  form.  As  shown  by  Equatlons(6)  through(JC&,  the  SHEP  program 
requires  either  a  prtuura  explicit  equation  of  state,  or  a  tabulation  of  the  P-V-E 
relationship  such  that  P(log  E,  log  r j),  where  log  E  varies  by  equal  increments  (A fog  E), 
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Evldentally,  It  It  not  possible  to  solve  for  P  explicitly  (In  terms  of  E  and  V)  from  Eqns. 
(12),  so  that  a  separate  t- OR  TRAN  proa  mm  wot  to  gsnorots  the  required  rcoulai 

values  for  use  In  the  SHEP  program.  In  order  to  facilitate  the  application  of  Newton's 
Iterative  method  to  Eqns,  (12)  to  obtain  the  desired  sets  of  P|  (log  Ej,  log  r?.),  the  rela¬ 
tionship  of  the  parameter  a  to  E  at  various  constant  V's  was  calculated  for  rise  purpose 
of  obtaining  reasonably  good  estimates  of  a,  thus  reducing  considerably  the  number  of 
iterations. 
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nomely,  o  contribution  to  tha  temperature  dua  to  the  heat  liberated  by  tha  decomposi- 
tion,  to  that 


(20) 


resulting  h  the  final  burn  fraction  rate  expression: 


-*a 


dt 


If 


=  A(1-f). 


(T^+E-Eo  <  Qf) 


(21) 


For  convenience  one  may  let  -  0.  The  v  jet 
Cv  =  0.41  cal  g”1  °K“* 

Q  =  1.28  K  cal  g"1  , 

ware  employed  in  all  calculation*  for  nltrcmethatie, 

4.4  «NOUCTION  TIME 

A  good  approximation  of  tha  Induction  time,  which  li  that  portion  of  the 
reaction  time  during  which  f  —  0,  may  he  obtained  from  Bqn.  (21)  a*  follows.  Writing 
Eqn.  (2?) 


1  +  r  (22) 

=  A(|-f)e 
dt 

where  c  =  Efl  Cy  R“*  , 

and  employing  the  approximation 
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4.3  KATE  OF  CHEMICAL  ENERGY  RELEASE 

(I)  Chemlccl  Kinetic  Rote  Expression  for  Nltromethane 

The  rote  expression  for  the  thermal  decomposition  of  nltromethane  as  presented 
In  Reference  16  was  chosen  as  the  basis  of  Eqn.  (4).  It  should  be  stated  that  this  rate 
expression  Is  the  result  of  a  stud/  of  the  thermal  decomposition  of  nltromethane  by  a 
static  method  over  the  range  653-703°K  and  at  pressures  ranging  From  200  to  400  mm. 
Nltromethane  decomposition  was  shown  to  be  first  order  and  homogeneous  with  a  rate 
constant  given  by 

k  =  Ae‘Eo/1lT  (15) 

where  A  =  1014*6  sec"1 

Eg  =  5.36  x  104  cal  mole-1 

Under  this  above  experimental  conditions,  the  main  products  of  the  decomposition  are 
nitric  oxide,  methane,  carbon  monoxide  and  water  with  relatively  small  quantities  of 
corbon  dioxide,  ethane,  ethylene  and  nitrous  oxide. 

(II)  Burn  Fraction  Expression 

As  shown  by  Eqn.  (3),  the  rate  of  chemical  energy  release  Is  expressed  In  terms 
of  the  burn  fraction,  which  Is  defined  as  the  fraction  of  mass  reacted  In  o  "cell14  at  a 
given  time.  Accepting  that  nltromathane  decomposition  Is  a  first  order  reaction,  from 
Equations  (4)  and  (15)  one  obtains 

”^a 

|L  =  A(!  -  f)e  ■*T~sec-1  (16) 

Since  the  SHEP program  does  not  contain  temperature  as  a  variable,  but  specific  Internal 
enetgy,  T  In  Eqn.  (16)  must  be  related  to  E,  Employing  the  definition 


oneobtolns  E  =  E0  t  Cy(T-T0)  ,  (18) 

or  T  =  Te  t  ,  (19) 

Cy 

where  Cy  Is  an  effective,  or  average  specific  heat  value.  Introduction  of  the  specific 
Internal  energy  into  the  burn  fraction  expression  necessitates  a  further  modification. 
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on*  obtain* 


In  applying  the  burn  fraction  rat*  expression,  Eqn,  (21),  and  th«  relationship  (24)  for 
induction  tim*  one  must  bear  in  mind  that  the  relatively  large  pressure  changes  taking 
ploce  In  shock  initiation  of  detonation  may  Influence  the  decomposition  mechanism  and 
therefore  the  rate,  ond  the  values  of  the  thermodynamic  quantities  such  as  Cy  ,  and  Q, 
which  are  temperature  dependent,  in  addition.  The  inclusion  of  such  pressure  and 
temperature  effects  is  however  considered  to  be  an  unwarranted  refinement  at  this  stage 
in  the  computation. 

COMPUTATIONAL  TECHNIQUE  OF  COMBINING  HYDRODYNAMIC 
AND  CHEMICAL  KINETIC  INTEGRATION 

Several  problems  appear  In  the  numerical  solution  of  the  coupled  turn  fraction 
differential  equation  and  the  conservation  of  energy  equation.  First,  due  to  the  von 
Neumann  Nf  method  for  describing  a  she  wave,  the  pressure  (P)  versus  position  (z) 
relationship  at  a  given  time  shows  no  discontinuity  in  dP/  dz,  but  a  gradual  transition 
occupying  approximately  three  zone  widths,  or  grid  spaces  regardless  of  their  size 
(see  Figure  I).  This  “smearing*1  of  the  shock  position,  or  of  the  time  of  errival  of  the 
pressure  peak  at  a  given  position  complicates  computational  Initiation  or  the  chemical 
reaction  process.  In  addition,  the  nature  of  the  burn  fraction-time  relationship  It  such 
that  quit*  small  time  steps  (relative  to  the  tim*  steps  In  the  hydrodynamic  integration) 
should  b*  used  In  the  numerical  solution  of  Eqn.  (21)  requiring  much  computing  time. 
Finally,  small  computational  oscillations  yielding  small,  but  significant  values  of  specific 
interne!  energy  prior  to  the  arrival  of  the  desired  pressure  peak  may  initiate  Integration 
of  the  burn  fraction  differential  equation.  A  brief  description  of  how  these  problems 
were  handled  is  given  below. 
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In  order  to  avoid  premature  release  of  chemical  energy  becouse  of  the 
“smeared"  shape  of  the  shock  front,  and  because  of  numerical  oscillation*,  and  in 
order  to  conserve  computing  time,  the  following  computational  criteria  were  Included 
In  the  5HEP  program: 

(a)  Integration  of  the  burn  fraction  differential  equation  In 
a  cell  It  begun  only  when  the  condition* 

<  0,  and  (25) 

P>  0.01  Mbar  (25a) 

are  satisfied.  Physically,  these  criteria  mean  that  the  cell 
must  have  been  compressed,  and  that  a  pressure  decrease  In 
the  cell  must  have  taken  place  sometime  after  the  cell  had 
experienced  a  pressure  above  a  specified  level. 

(b)  For  the  purpose  of  saving  computing  time,  variable  time 
steps  for  the  Integration  of  the  burn  fraction  equation  ore 
chosen  on  the  basis  that  when 

fr<  °,03EShock'  Ulei  A*Chem.  Kin.  ''  AtHydro.,  (26) 


and  when 

>  “-“'Shock'  U":A' 


At 


Chem.  Kin, 


0.005  jisec 


Writing  Equation  (21)  simply  as 


=  A(1  -  f)  e 
ot 


WPT 


(27) 


where  A,  0,  and  C  are  constants.  It  is  clear  that 


m  =  tfj(f)  -  ^<0. 


(28) 
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Here  Ey|  signifies  the  hydrodynamic  specific  Internal  energy,  and  the  specific 
energy  contribution  due  to  chemical  reaction.  Er-  it  obtained  fmm 


dEc  df 

sr*  Q  s 


For  Ec(0)  =  0  one  obtains 


Ec  =  Qf 


The  hydtodynomic  energy,  Eyj,  Is  governed  by 


IT  ’  “^p '  ^  eft 


(29) 


(31) 


where  the  term  dEj  describes  the  rate  of  change  of  the  dlstortional  energy. 

The  simultaneous  numerical  integration  (Runge-Kutta)  of  Equations  (3) 
and  (21)  proceeds  os  follows: 


In  general,  the  initial  conditions  ere  for  t  *  0, 


f  =  f„,  <Eh)0  =  -  <Ec>o<  <Ec>o  =  <*0  <»> 


For  one  hydrodynamic  integration  step 


(from  the  previous  integration 


step)  are  assumed  to  be  constant.  For  eoch  E  value  resulting  from  an  integration  step, 
the  corresponding  new  value  of  P  is  obtained  from  the  equation  of  slate,  P(E,  V). 


5.  OVERALL  COMPUTATIONAL  PLAN 


The  computations  were  planned  to  permit  the  following  logical  sequence: 

a.  Shocking  of  cylinder  of  Inert  homogeneous  nitromethone  -  2D 

b.  Shocking  of  cylinder  of  reoctlve  homogeneous 
nitromethone  -  ID 

c.  Shocking  of  cylinder  of  reoctlve  homogeneous 
nitromethone  -  2D 

Various  cylinder  diameters. 

d.  Examination  of  simplest  inhomogeneous  models  -  ID. 
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b.  Sfc5oL75  Of  COMMUTATIONS 

6.1  INFRT  CYLINDER  -  2D 

This  computation  was  carried  out  with  the  initial  conditions  prescribed  to 
provide  an  87.5  kflobar  shock  ofl .  I  psec  duration  at  one  end  of  the  cylinder  as 
shown  in  Figure  2.  The  proper  number  of  cells  at  the  shocked  end  of  the  cylinder 
were  therefore  loaded  to  the  prescribed  pressure  and  energy  content  determined  from 
the  equation  of  state.  The  appropriate  particle  velocity,  determined  from  the  shock 
Hugonlot  wo:  alio  imparted  to  the  material  in  each  of  the  loaded  cells.  Chemical 
reaction  was  Ignored  since  this  was  to  be  on  inert  calculation.  The  results  obtained 
from  this  computation  are  shown  in  Figures  3,  4,  5  and  6  which  Indicate  the  decaying 
shock  velocity  as  well  as  the  development  of  shock  curvature.  The  lattur  Is  of  par¬ 
ticular  Importance  slrw-y  It  has  a  very  significant  effect  upon  the  behavior  of  either 
a  detonation  wove,  or  a  transient  nsoctlon  wave. 

6.2  Ht  REACTIVE  CASE  -  ID  CONSTRAINED 

■  In  carrying  out  the  first  reactive  calculations,  it  was  found  to  be  easiest 

to  utilize  cn  impacting  aluminum  plate  as  the  source  of  the  initiating  shock.  The 
plate  thickness  and  impact  velocity  selection  permitted  control  of  the  duration  and 
pressure  amplitude,  since  the  equation  of  stote  and  shock  Hugoniot  for  aluminum  are 
well  known. 

Two  coses  were  run.  in  the  first  cose  the  initiating  peak  pressure  was  set 
at  88  kilobors  and  Iri  the  second  cose,  at  70  kb.  The  shock  duration  was  controlled  to 
coproxlmetely  1 .1  p  sec  by  using  the  aluminum  plate  thickness  corresponding  to  1 .1  psec 
double  transit  time  at  88  kilobars.  This  turned  out  to  be  .35  ems  of  aluminum.  The 
velocity  of  impoct  of  aluminum  on  ni  from  ethane  which  wos  required  to  give  88  kilobars 
peak  pressure  was  found  to  be  0.226  cm  /psec  while  for  70  kilobars, 0.182  cm/ynec 
was  required.  Since  the  shock  velocity  at  70  kb  is  less  than  at  88  kb,  the  duration  of 
the  70  kb  shock  was  actually  longer  than  l.l  psec. 

The  results  of  these  two  calculations  are  summarized  in  Figures  7  and  8  which 
indicate  that  at  88  kb,  the  Initiation  grew  to  a  detonation  and  then  proceeded  to  st eody 
state,  whereas  at  70  kilobars  the  reaction  faded,  despite  the  longer  duration  of  the  70  kb 
shock.  Figure  9  shows  the  displacement  time  history  for  the  piston,  the  shock  and  the 
detonation  front  for  the  88  kb  case.  This  figure  illustrates  the  establishment  of  the 
detonation  front  at  the  pfston-rUtromethone  interface  and  the  overtaking  of  the  shack 
front  by  the  initial  detonation,  followed  by  merger  into  a  steady  sttfe  detonation  front. 
While  such  ID  results  hove  previously  been  reported  ^  they  serve  as  a  useful  check  on 
the  operation  of  the  program,  the  criteria  discussed  in  Section  4.5  and  the  physical 
processes  involved. 
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e.3  2D  -  REACTIVE  CASES 

Following  The  successful  outcome  of  the  ID  constrained  computations, 
sufficient  confidence  could  be  felt  in  the  operation  of  the  program  to  warrant  the 
computation  of  the  much  more  expensive  2D  reactive  cases. 

The  computations  were  carried  out  for  5,  10,  12,  15,  20,  25,  and  30  mm 
diameter  cylinders  initiated  by  aluminum  plate  Impact  at  one  end.  The  initial  impact 
conditions,  in  all  cases,  were  specified  to  provide  an  83  kb  shock  of  1 . 1  ^  sec  duration 
exoctly  as  it  was  done  for  the  ID  reactive  cases. 

7.  ANALYSIS  OF  2D  COMPUTATIONS 

With  the  exception  of  the  30  mm  diameter,  nil  diameters  were  found  to  be 
sub-critical  with  an  initial  pressure  buildup  followed  by  a  pressure  decay,  leading  to 
a  subsequent  quenching  of  the  chemical  reaction.  In  some  cases,  once  the  downward 
trend  of  decaying  pressure  was  satisfactorily  confirmed,  the  computations  were  terminated 
even  though  the  shock  was  still  reactive.  This  permitted  examining  mony  more  enses. 

The  pressure  buildup  in  the  case  of  the  30  mm  diameter  was  such  as  to  lead  to  the  con¬ 
clusion  that,  as  closely  as  one  could  afford  to  check  it,  this  case  was  very  close  to  the 
critical  diameter. 

Figures  10  though  14  indicate  the  portion  of  the  cylinder  that  has  reacted 
for  the  5,  10,  12,  20  and  30  mri  diameters.  Figures  11a,  b  and  c  illustiate  the  time 
sequence  in  fade  out  of  the  detonation  for  the  10  mm  sub-critical  case.  Comparison  of 
Figures  10  thru  14  shows  tne  effect  of  diameter  upor  the  fraction  of  the  cylinder  which 
has  reacted.  Note  that  Figure  14  has  been  truncoltid  parallel  to  the  Z  axis  to  keep  it 
on  one  page. 

Figures  15  and  16  illustrate  the  computed  data  points  and  the  estimated 
smoothed  pressure  time  history  for  the  10  inm  diameters.  The  location  of  the  smoothed 
curve  is  based  upon  previous  experience  with  this  type  of  program  and  comparisons  which 
have  been  made  between  computed  solutions  and  corresponding  or'alytical  solutions, 
which  indicate  that  the  computed  results  oscillate  about  the  analytical  value.  A  finer 
mesh  size  would  have  reduced  these  osciilutions  drastically,  but  the  available  computing 
time  did  not  permit  further  reduction  in  the  mesh  size. 

Figures  17,  18  and  19  illustrate  the  development  of  the  detcncrfion  front 
curvature  for  the  10  mm  dlametf.  These  show  the  pressure-distance  profiles  at  various 
radio!  distances  from  the  axis  along  J  lines.  J  lines  define  the  Lograngian  mesh  boun¬ 
daries  which  are  parallel  to  the  cylinder  axis  pu'or  to  deformation.  In  this  particular 
case,  J  =  1  is  on  the  axis  and  J  =  1 1  is  the  outside  cylinder  boundary.  The  pressure- 
distance  profiles  shown  are  plotted  at  1 .43  ysec,  1 .92  ysec  and  2.93  psec  respectively 
to  illustrate  the  changing  curvature. 
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Flour*  20  llluttrntM  rh*  profile:  along  rh=  cylinder  u^ii 

(J=  i)  as  a  function  of  t’me,  for  the  15  mm  sub-critical  diometer.  The  Initiation  of 
detonation  behind  the  shock,  the  overtaking  of  the  initiating  shock  by  the  detonation,, 
and  the  subsequent  rise  and  decay  of  the  peck  pressure  in  this  sub-critical  case  are 
clearly  apparent.  The  general  similarity  of  the  ID  results  in  Figure  7  and  the  2D 
results  In  Figure  20  is  clearly  evident.  The  very  important  difference,  however,  should 
be  carefully  noted.  The  ID  case  went  to  steady  state  detonation  while  the  2D  case 
faded . 

7. 1  CONSTRUCTION  OF  THE  CURVED  DETONATION  FRONT 

From  Figures  17,  18  and  19  It  is  possible  to  construct  the  time  dependent 
development  of  the  curved  detonation  fronts.  These  are  shown  In  Figure  21  for  the 
10  mm  diameter  charge.  The  location  of  the  detonation  front  is  defined  For  this 
purpose  as  the  location  of  the  pressure  peak  along  any  J  lines. 

The  curved  detonation  front  for  the  30  mm  charge  at  t  =  2.18  jxsec  is 
determined  from  Figure  22  and  shown  in  Figure  23.  It  is  evident  from  the  comparison 
that  as  the  charge  diameter  increases,  a  larger  fraction  of  the  detonation  front  remains 
essentially  plane. 

7.2  PRESSURE-TIME  HISTORY  AS  AFFECTED  BY  DIAMETER 

The  pressure  profiles  along  the  axis  (J  =  1)  were  examined  as  a  function  of 
time  cs  shown  in  Figures  15  and  16  and  smoothed  for  purposes  of  comparison, 

Figure  24  shows  the  effect  of  charge  dlometer  upcn  the  computed  pressure- 
time  history. 

Two  important  aspects  are  evident.  The  pressure  rises  to  higher  peak  levels 
,as  the  diameter  becomes  progressively  closer  to  the  critical  diameter.  In  addition, 
the  pressure  decoy  occurs  progressively  later  as  the  diameter  approaches  critical.  At 
the  critical  diameter,  the  pressure  is  of  course  maintained  indefinitely  without  decay, 
by  definition. 

8.  COMPUTATION  OF  PARTIAL  YIELDS  FOR  SUB-CRITICAL  CASES 

From  Figures  1  la,  lib  and  11c  one  can  estimate  the  fraction  of  material 
which  has  reocted  wiien  the  shock  has  progressed  to  various  axial  positions.  We  will 
define  the  yield  percent  as  the  percent  of  total  material  which  has  reacted  100%. 
Furthermore,  we  will  neglect  yields  in  any  cell  iess  than  10%.  Tnis  truncation  is 
quita  reasonable  since  most  calls  adjacent  to  a  fully  reacted  cell,  have  reacted  only 
about  1%.  The  10  mm  diameter  case  is  Ideally  suited  to  this  analysis  because  the 
reactive  *bock  has  decayed  to  an  unreactlve  pressure  level  during  the  interval  of  the 
computation. 
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It  Is  clear  that  In  such  sub-critical  cater.  In  which  the  decay  to  0  non- 
reacfive  shock  alwovt  occur*  rh»  ...m  u _ i.  .1  - 

originally  available  which  It  uted  at  the  basis  for  100%  yield.  Figure  25  illustrates  the 
compjtctton  for  the  10  mm  case  for  which  D  =  .33  Dc  bosed  on  Dc  30  mm.  The  5  mm 
diameter  for  wnlch  D  _  .  17  Dc  Is  also  shown.  Since  even  for  30  mm,  it  is  evident  that 
tor  the  unco nfir>ed  case  which  we  are  examining,  the  curvature  of  the  shock  front  near 
the  edges  results  In  undetonated  material.  The  yield  is  therefore  not  100%  even  In  the 
cose  D  =  Dc .  Extrapolation  of  these  results  would  Indicate  that  as  D  become  greater 
than  Dc,  the  undetonated  belt  would  become  0  progressively  smaller  fraction  of  the 
total  mass  and  hence  the  yield  would  approach  100%  for  D  >  >  D(; . 

A  very  common  misconception  which  exists,  associates  a  specific  yield  with 
a  spec  flc  propellant  composition  In  the  sub-critical  regime.  It  should  be  very  evident 
from  Figure  25  that  such  a  correlation  is  incorrect  unless  the  charge  geometry  is 
specified  or,  well  as  the  initiating  pulse  conditions. 

LOCATION  OF  THE  REACTIVE»TQ-UNREACTIVE  SHOCK  TRANSITION 


In  those  cases  in  which  it  was  possible  to  follow  the  full  progress  of  the 
decaying  reactive  shock,  it  is  found  thot  the  shock  pressure  at  which  the  shock  becomes 
less  than  10%  reactive,  does  not  vary  very  much.  One  can  find  plausible  arguments 
that  the  shock  transition  pressure  probably  approaches  a  constant.  The  axial  distance  at 
which  this  transition  occurs  however.  Increases  as  the  charge  diameter  D  increase,,  that 
Is  as  the  ratio  D/Dc  approaches  1 ,  Thus  at  10  mm  dio. ,  D/Dc  .33  and  the  transition 
shock  pressure  Is  found  to  be  about  43  kilobars.  The  shock  peak  is  at  1 .27  cm.  At  5  mm 
dia.,  D/Dc  =  .17  and  the  transition  shock  pressure  is  found  to  be  about  48  kilobars.  In 
this  case,  the  shock  peak  is  at  .31  cm.  The  respective  elapsed  times  at  which  these 
situations  occur  are  2.75  psec  for  the  10  mnv charge  and  .73  psec  for  the  5  mm  charge. 

If  was  not  possible  because  of  computing  cost  limits,  to  follow  the  larger  diameters  all 
the  way  out  to  the  final  fadeout,  but  it  is  roughly  estimated  by  extrapolation  of  the 
decaying  pressure  time  curve'.,  that  if  fakes  more  than  4  microseconds  for  the  axial 
pressure  to  decoy  to  45  kiloi>ars  when  D  =  1 .5  cm,  l>/ Dc  s  .50,  and  more  than  5  psecs 
In  the  case  D  =  20  mm;  0/D^  =  .67.  The  correspond! ;tg  estimated  lower  limits  of  the 
distances  for  the  locations  of  tne  transition  for  the  1 .5  cm  and  the  2.0  cm  diameters  ore 
respectively  ->  1 .8  cm  and  >  2 .4  cm.  Figure  26a  shows  a  plot  of  D/D^  vs  transition 
time  and  transition  distance.  In  Figure  26b,  the  reciprocal  times  and  distances  are  plotted 
as  a  function  af  D/Dq.  The  first  two  data  points  are  computed  and  the  last  two  are  the 
estimated  lower  limits.  It  is  clear  that  She  transition  time  and  distance  must  both  approach 
infinity  os  D/Dc 1 .  r 

The  significant  aspect  of  this  portion  of  the  effort  lies  in  the  fact  that  the  compu- 
tefiens  have  been  shown  to  provide  an  output  which  permits  the  quantitative  comparison  of 
the  fading  characteristics  as  i  function  of  D/D^,  and  hence  a  means  for  estimating  Dr 
fading  measurements  made  at  D  ^  Dq  for  the  homogeneous  system. 
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10.  INHOMOGENEOUS  MODEL  -  ID  STUDIES 

10,]  BASiS  Fuk  TMt  MODEL 

The  simplest  kind  of  inhomogeneous  model,  defining  the  next  level  of  model 
complexity,  is  represented  by  a  homogeneous  system  containing  non-reactive  imperfec¬ 
tions,  such  os  porosity  of  inert  particles. 

fbrosity  in  real  propellant  systems  is  described  by  a  pore  size  distribution 
and  a  geometrical  distribution.  However,  for  purposes  of  a  ID  model,  it  is  necessary 
to  simplify  this  description  in  such  a  way  that  each  macro  cell  Is  characterized  in  a 
manner  which  averages  the  contributions  from  both  the  pore  size  and  the  geometrical 
distribution.  This  is  equivalent  to  the  restriction  that  any  macro  cell  contains  essentially 
the  seme  pore  size  distribution  and  geometrical  distribution  of  pores  as  any  other  macro 
call.  Basically,  this  requires  that  the  propellant  be  macroscopically  uniform .  This  is  a 
goal  that  propellant  manufacturers  strive  for  and  therefore  represents  a  desirable  situation. 

In  any  case,  before  analyzing  the  more  complex  case  of  a  Dropeliant  which  has  large 
random  imperfection  variations  in  the  macro  cell  it  Is  logical  to  analyze  the  case  of  low 
(or  zero)  random  imperfection  variations  in  the  macro  cell. 

The  porosity,  defined  as  the  volume  %  of  voids,  is  a  special  case  of  the  more 
general  definition  of  the  imperfection  content,  which  can  be  defined  as  the  volume  % 
of  Imperfections. 

The  imperfections  have  been  shown^  to  have  the  effect  of  generating  hydro¬ 
dynamic  hot  spots  as  a  result  of  the  flow  processes  which  accompany  the  passage  of  a 
shock.  Since  the  volume  which  is  heated  hydrcdynamically  is  roughly  equal  to  the  volume 
of  the  original  imperfection,  and  the  energy  density  in  the  hot  spot  region  is  approximately 
twice  that  in  the  normally  shocked  homogeneous  material,  one  has  here  the  elementary 
basis  for  a  simple  Inhomogeneous  model .  Specifically,  this  mode!  requires  that  one  examine 
the  effects  of  varying  the  term  in  the  reaction  rate  expression  which  is  affected  by  the 
changes  in  shock  energy  deposition  arising  from  the  imperfection  content.  A  convenient 
Way  to  treat  this  in  the  computations  is  to  vary  the  octivation  energy.  The  shock  energy 
deposition  is  of  course,  related  to  the  average  imperfection  content.  Alternatively,  one 
may  view  shock  initiation  of  detonation  for  inhomogeneous  substances  from  c.  chemical- 
catalytic  standpoint,  it  It  known  from  experiment  that  it  is  possible  to  initiate  detonation 
in  inhomogeneous  substances  by  means  of  lower  shock  pressures  than  are  required  for 
initiation  of  the  same  substance  in  the  homogeneous  state.  In  contrast  to  the  homogeneous 
cose,  in  which  lower  shock  pressure  results  in  lower  shock  specific  energy,  or  lower  shock 
temperature,  and  therefore  lower  chemical  reoction  rate,  one  may  reason  that  in  the  in¬ 
homogeneous  case  the  overall  chemical  reaction  rate  can  remain  relatively  high  even  at 
the  lower  temperatures  due  to  catalytic  effects  at  the  interfaces  formed  by  the  inhomogen¬ 
eities.  To  simulate  inhomogeneous  behavior  computationally  on  this  basis  would  also 
involve  examination  of  the  effects  of  decreasing  the  octivation  energy.  In  fact,  the  rates 
of  several  inhomoge.ieous  gas  reactions^  are  explained  in  terms  of  decreased  values  of 
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the  activation  emsrgy.  Thus,  without  any  final  committment  as  to  whether  the  specific 
Initiating  mechanism  is  catalytic  or  originates  in  hydrodynomic  hot  spots  or  is  a  combina¬ 
tion  of  Loin,  ire  initial  study  of  initiation  behavior  for  an  effectively  inhomogeneous 
explosive  substance  can  be  usefully  carried  out  by  finding  the  Influence  of  varying  the 
activation  energy  upon  the  development  of  detonation. 

10.2  CHARACTERISTICS  OF  INHOMOGENEOUS  SYSTEMS 

There  are  two  major  differences  In  the  Initiation  behavior  of  inhomogeneous 
systems  as  compared  to  lomogeneout  systems. 

(1)  Inhomogeneous  systems  are  initiated  by  lower  shock  pressures. 

(2)  The  transition  from  Initiation  to  detonation  is  characterised  by 
a  shock  displacement  time  relationship  as  shown  in  Figure  27  rather 
than  the  typical  relationship  shown  in  Figure  9  for  the  homogeneous 
case. 

1°.3  F.E SUITS  OF  COMPUTATIONS 

One  dimensional  inhomogeneous  model  computations  were  carried  out  with 
the  remaining  available  computing  time,  aimed  at  examining  the  effects  of  varying  the 
octivation  energy  EQ. 

Activation  energies  of  1/4  and  3/4  Eq(0)  were  examined  where  EQ(0)  •*  riow 
defined  as  the  full  octivation  energy  for  nitromethane.  The  initiating  pressure  was  reduced 
to  70  kilobars,  which  had  previously  been  used  for  the  ID  homogeneous  case  (see  Fig.  8) 
and  had  failed  in  that  case  to  initiate  steady  state  detonation.  This  therefore  provided  a 
potential  point  of  comparison  with  respect  to  the  question  of  reduced  initiation  shock 
amplitudes  necessary  for  inhomogeneous  initiation. 
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in  addition,  the  nature  of  the  transition  phenomenon  was  examined  for  eoch 
of  the  activation  energies. 

The  first  interesting  result  of  these  computations,  was  the  observation  that 
70  kb,  which  was  previously  found  to  be  insufficient  to  initiate  the  homogeneous  system 
did  initiate  the  modei  inhomogeneous  systems  for  which  E^  wos  1/4  and  3/4  of  Ea(0). 

The  induction  times  for  first  burn  were  found  to  decrease  with  decreasing 
values  of  the  activation  energy. 

The  form  of  the  transition  from  shocking  to  detonation  was  found  to  have  changed 
In  a  manner  which,  at  least  superficially,  resembled  the  experimentally  observed  transi¬ 
tion  depicted  in  Figure  27, 
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The  computed  reiulti  for  Eq  =  1/4  ond  3/4  EQ(0\,  are  shown  In  Figure 
28.  It  Is  noted  that  the  transitions  for  1/4  and  3/4  Eq(0)  are  characterized  by  an 
Ziisrti'a'ty  llimur  portion,  representing  the  initial  shock  trajectory  and  a  curvilinear 
Intermediate  transition  region  which  connects  the  Initial  shock  trajectory  to  the  final, 
linear,  steady  state  detonation  trajectory. 

One  cannot  easily  visualize  in  simple  terms  why  a  change  in  the  activation 
energy  should  change  the  transition  region  in  the  manner  found.  However,  the  effect 
of  the  activation  energy  change  is  quite  complex  and  can  be  felt  In  many  ways,  includ¬ 
ing  the  change  In  induction  time.  ThU  can  have  a  secondary  effect  upon  the  pressure- 
time  history  and  therefore  also  the  velocity-time  history  for  the  overtaking  detonation 
wave. 


This  portion  of  the  effort  represents  a  very  brief  examination  of  a  more  com¬ 
plex  modal.  The  completion  of  the  program  prevents  further  examination  of  the  problem 
at  this  time.  However,  it  is  encouraging  to  note  the  trend  toward  realism  both  in  the 
reduced  initiation  pressure  and  in  the  transition  process  derived  from  the  computations. 

Despite  these  initially  encouraging  results  in  the  ID  inhomogeneous  case,  it 
is  felt  that  ultimately,  the  most  useful  Inhomogeneous  models  will  not  be  found  among 
these  effectively  inhomogeneous  models,  but  rather  omong  the  class  of  models  which 
consider  the  Imperfections  and  their  interaction  with  each  other  and  the  shock  in  greater 
detail. 
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1 1 .  COMfVkRISON  OF  COMPUTED  AND  LITERATURE  VALUES  OF 

BETONATIgH  OP  FJ I ETHEFTC - 

A  useful  evaluation  of  the  computations  can  be  mode  by  the  comparison  of 
computed  and  literature  reported  observations  of  the  detonation  characteristics  of 
nltrom  ethane. 


Three  useful  comparison  bases  are 

(a)  Critical  diameter 

(b)  Induction  Times 

(c)  Detonation  Velocities  (Steady  State) 

11.1  CRITICAL  DIAMETER  (UNCONFINED) 


11.1.1  Present  Computation  01  30  mm  with  zero  confinement. 

11.1.2  Experimental^  26.5  mm  D^  -  29  mm  (in  paper  confinement) 

Source  (a)  Ref.  G.  Nachmanl  and  Y.  Monhelmer,  .1.  Chem.  Phys. 
U  1074  (1956). 

The  apparent  close  agreement  is  perhaps  better  than  one  should  expect,  but 
nevertheless  Is  very  encouraging. 


11.2  INDUCTION  TIMES 


11.2.1  Present  Computation  @  B8  kb  tj^  = 


.5  Mjec  @  300°  K 
27°  C 


11,2.2  Experimental 


(c) 


@ 


Average  (13  shots) 


82  kb 

0.70  jjiec 

Initial 

85  kb 

0.81  jxsec 

Temperature  not 

84  kb 

1 .94  n  sec 

clearly  specified 

92  kb 

3.14  jjsec 

in  Reference,  but 

84  kb 

0.71  jssec 

is  inforred  to  be 

87  kb 

1 . 08  pec 

300°  K 

86  6  kb 

1 .71  pec 

(p  505) 

Source  (c).  Ref.  11,  Campbell,  Davis,  Travis  (P  503) 

The  computed  induction  time  of  0.5  fisec  compares  favorably  with  induction 
times  estimated  in  references  11  and  14,  but  is  appreciably  smeller  than  the  experimen¬ 
tally  observed  average  Induction  time  of  1 .71  jisec  at  86 .6  kb  (Ref  .11)  even  when  the 
induction  time  is  further  reduced  by  about  20%  to  correct  it  to  88  kb. 
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There  it  Indicated  in  thj  source  reference  a  variability  in  the  nltromethan*. 
The  •Timuutsmenri  ar«  very  dirricuif .  There  it  a  high  tentitivity  of  the  induction  time 
to  the  Initial  temperature  (which  wot  not  clearly  specified  in  the  source  reference  from 
which  the  evnerimente!  dots  came).  !n  fuci,irie  reference  shows  experimental  data 
Indicating  a  300%  change  in  experimentally  observed  induction  time  for  a  30°K  change 
in  temperature. 

For  these  reasons  the  agreement  between  computed  and  experimental  Induc¬ 
tion  times  is  considered  to  be  fair.  Disagreement  by  an  order  of  magnitude  or  more  has 
not  been  uncommon  In  earlier  calculations. 

11.3  DETONATION  VELOCITIES 

The  experimental  values  of  detonation  velocity  depend  upon  the  degree  of 
confinement  and  the  diameter.  The  present  computations  consider  the  unconfined  case 
only  and  should  therefore  be  compared  with  the  lightest  confinement  data.  The  experi¬ 
mental  data  also  varies  with  the  source. 

11.3.1  Present  Computation  cm^i58c 

- 1 -  2D  .63  -  .65  cm/psec 

11.3.2  Experimental  Values 


V0  (cm/p sec) 

Confinement 

Mat'l . 

ID 

OD 

.6280 

Paper 

44  mm 

Not  Given 

.6260 

Paper 

34  mm 

Not  Given 

.6150 

Paper 

29  mm 

Not  Given 

.660  ±  .0132 

Glass 

Steel 

30  mm 

Not  Given 

.6320 

Iron 

40  mm 

44  mm 

.6280 

Iron 

25  mm 

42  mm 

.6275 

Steel 

27  mm 

Not  Given 

.6285 

Alum. 

27  mm 

Not  Given 

.6263  - 

a  at  i 

Glo;s 

N  O  T 

GIVEN 

Source  (d)  G.  Nochmani  and  Y.  Manheimer  -  J.  Chem.  Phys.  24  1074  (1956). 
Source  (e)  L.  Medord,  Mem.  Poudres  33  125  (1951). 

Source  (0  R.  W.  Van  Dolah  et  al.,  Comp,  Rend.  XXXI  Congres  Intern.  Chlm. 
Industr.,  Liege,  1958. 

Source  (c)  Campbell,  Davis  and  Travis,  see  Ref.  (11). 
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The  agreement  of  this  aspect  of  the  computation  with  the  literature  date  It  con¬ 
sidered  to  be  fairly  good. 


12.  CONCLUSIONS 


1 .  It  has  been  found  feasible  to  apply  a  2D  computational  procedure  to  the 


-r 


.f  iL- 


•mww/  v •  lie 


;f!f Jcu!  tiamivnr  initiation  process. 


2.  The  procedure  hat  been  applied  to  the  cate  of  a  homogeneous  reactive 
system,  namely  nitromethane. 

3.  It  hat  been  shown  that  a  reoctive-to-non  reoctlve  shock  transition  can  be 
reserved  and  followed  by  means  of  this  procedure, 

4.  Computation  of  successively  larger  diameters  of  charge  have  led  to  the 
conclusion  that  the  critical  diameter  of  unconfined  nitromethane  is  near  30  mm.  This 
is  in  reasonable  agreement  with  experimental  data  In  the  literature  which  cites  paper 
confined  charges  as  having  a  critical  diameter  between  26.5  and  29  mm. 

5.  Smaller  diameters  have  shewn  characteristic  fodeout  behavior  which  changes 
systematically  os  O/Dq  is  varied. 


6.  Development  of  shuck  front  and  detonation  front  curvature  has  been  demon¬ 
strated  and  Its  effect  upon  the  detonation  shown. 

7.  The  fadeout  behavior  has  been  translated  into  the  form  of  partial  yield 
estimates  fer  these  sub-crltlcal  transient  cases.  The  dependence  of  the  numerical 
value  of  the  partial  yield  upon  the  original  charge  geometry  has  been  pointed  out. 

8.  Initial  examination  of  the  next  level  of  model  complexity,  i.e,  an  inhomo¬ 
geneous  system  with  a  mocroscooicully  uniform  distribution  of  imperfections  has  been 
studied  briefly  in  ID. 

9.  The  inhomogeneous  ID  model  shows  some  encouraging  elements  of  realism 
specifically  with  respect  to  reduced  initiation  pressure  requirements,  and  the  nature  of 
the  transition  from  shock  to  steady  state  detonation. 
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Figur#  21. 
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SCHEMATIC  CHARACTERISTIC  SHOCK  DISflACEMENT- 
TIM£  HISTORY  FOR  INITIATION  OF  AN  INHOMOGENEOUS 
EXPLOSIVE 


figure  27. 
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APPENDIX  C 

DENSITY  AND  RDX  COMPOSITION  VARIATIONS 
WITHIN  A  SAMPLE 
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A  cylindrical  RDX-wax  explosive  charge  from  Batch  j  was  cut  into  28  slices 
and  analyzed  for  density  and  prrcer.t  RDX.  The  percentage  variation  in  den¬ 
sity  was  found  to  be  less  than  1.  5%,  which  io  in  agreement  with  sample-to- 
sample  variations,  and  is  not  consider  ed  excessive.  There  was  no  indica¬ 
tion  of  a  density  trend  from  the  top  to  the  bottom  of  the  sample.  Although 
the  percentage  variation  in  RDX  content  (1%)  was  greater  than  expected,  it 
was  relatively  small  and  no  trends  from  top  to  bottom  were  indicated  from 
the  data. 

To  determine  if  significant  variations  in  RDX  content  (and  density)  existed 
within  a  sample  of  Batch  6  material,  a  rectangular  charge  was  cut  into 
33  slices  and  analyzed  for  density  and  percent  RDX.  It  was  found  that  the 
average  density  for  the  samples  (1.  062  gm/cc)  was  greater  than  that  for 
the  batch  as  a  whole  (see  Table  C-l,  Batch  6).  This  implied  a  high  RDX 
content  and  supported  the  idea  that  the  RDX  was  aettling  during  the  pouring 
period;  i.  e.  ,  if  this  sample  had  been  cast  late  in  the  pouring  period,  rela¬ 
tively  high  concentrations  of  RDX  would  have  remained  in  the  kettle.  The 
variability  in  the  density  was  somewhat  higher  than  that  for  the  batch  as  a 
whole  although  such  an  increase  was  expected  when  smaller  size  samples 
were  taken.  The  variation  of  RDX  content  within  a  sample  was  not  reflected 
in  this  figure  since  the  density  samples  were  taken  in  a  horizontal  plane 
only  and  the  RDX  settles  vertically.  Although  the  average  percent  RDX 
was  higher  than  that  for  the  batch  as  a  whole  (33.  9%  vs  30.  75%),  indicating 
settling  of  the  RDX  during  the  pouring  period,  the  variation  in  this  figure 
(1.23%)  was  less  than  expected.  However,  with  regard  to  the  other  evi¬ 
dence  discussed  in  this  and  other  sections,  it  is  expected  that  these  concen¬ 
tration  variations  did  exist  in  Batch  6  explosive. 

To  determine  whether  significant  variations  in  RDX  content  and  density  did 
exist  within  a  sample  from  Batch  7,  a  cylindrical  charge  was  cut  into  20 
slices  and  analyzed  for  density  and  percent  RDX.  The  average  density  for 
the  samples  (1.  054  gm/cc)  was  found  to  be  less  than  that  for  the  batch  as 
a  whole  (Table  C-l).  Although  this  implied  a  low  RDX  content,  the  aver¬ 
age  percentage  of  RDX  was  slightly  higher  than  that  for  the  batch  as  a 
whole  (30.  82%  vs  30.  75%).  However,  since  the  standard  deviation  in  both 
cases  was  relatively  high  (the  average  density  could  be  as  high  as  1.  071 
gm/cc  and  the  average  percentage  of  RDX  as  low  as  2  8.  31%),  the  con¬ 
jecture  that  the  RDX  was  settling  during  the  pouring  period  wan  not  contra¬ 
dicted.  If  this  sample  had  been  cast  early  in  the  pouring  period,  relatively 
low  concentrations  of  RDX  would  have  existed  in  the  first  liquid  cast. 

It  is  interesting  to  note  that  the  variability  of  the  density  was  found  to  be 
somewhat  larger  than  that  for  the  batch  as  a  whole,  although  such  an 
increase  was  expected  when  smaller  numbers  of  samples  are  taken. 
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To  establish  direct  evidence  of  gradients  within  the  sample,  the  data  in 
this  case  were  plotted  against  the  known  vertical  position  on  the  charge 
where  the  sample  was  taken.  These  results  shewed  that  there  is  a  defi¬ 
nitely  increasing  trend  (probably  related)  in  both  density  and  RDX  con¬ 
tent  toward  the  bottom  of  the  charge.  This  is  evidenced  by  the  (art  that 
the  top  section  had  about  27.  5%  RDX  and  a  density  of  about  1.  04  gm/cc, 
while  the  bottom  section  had  about  32.  4%  RDX  and  a  density  of  about 
1.07  gm.  /  c  c . 

After  consultation  with  the  Advisory  Group,  it  was  concluded  that  RDX 
settling  had  taken  place  and  that  the  problem  had  arisen  because  of  the 
peculiarities  imposed  by  the  large  batch  size.  The  peculiarities  were: 

(1 )  the  prolonged  soaking  time  of  Cab-O-Sil  in  mineral  oil  during  the 
extended  period  required  to  melt  100  lb  of  wax,  which  might  have  caused 
a  lower  melt  viscosity  (the  "wetting-tim e  phenomenon");  and  (2)  the 
increased  "working  of  the  melt,  "  which  might  have  caused  further  break¬ 
up  of  the  Cab-O-Sil  structure  and  thus  a  lowering  of  the  melt  viscosity. 

Three  plans  were  suggested  to  remedy  the  problem:  (1)  save  Batch  7  by 
remelting  and  recasting  it  at  a  lower  kettle  temperature,  (2)  slightly 
modify  the  batch  by  remelting,  adding  Cab-O-Sil,  and  then  casting  at  a 
lower  temperature,  and  (3)  start  over  with  a  new  batch  and  include  a 
considerably  reduced  soak  time  and  lower  cast  temperature  during  the 
casting  procedure. 

The  first  plan  was  evaluated  by  recasting  (from  excess  Batch  7  sheet- 
cast  material)  a  cylindrical  sample  at  a  kettle  temperature  o'  approxi¬ 
mately  140  F,  as  opposed  fo  the  previous  standard  temperature  of  from 
212  tc  215°F.  This  sample  was  analyzed  for  density  and  RDX  content. 

The  results  of  these  analyses  showed  that  the  average  density  of  all  the 
slices  was  lesB  than  that  for  the  batch  as  a  whole.  Since  the  average 
RDX  content  of  the  slices  was  also  lower  than  that  for  the  batch  as  a 
whole,  this  data  is  consistent  with  the  concept  of  RDX  settling  in  the 
original  melt,  as  discussed  previously. 

Because  the  variability  in  density  (which  is  the  same  as  that  of  the  ori¬ 
ginal  batch,  taken  as  a  whole)  and  in  RDX  content,  was  almost  halved 
with  respeot  to  the  prior  jample,  it  was  concluded  that  the  low  kettle 
temperature  reduced  the  amount  of  RDX  settling.  However,  to  help 
determine  whether  gradients  existed  in  the  sample,  the  data  was 
plotted  against  vertical  position  and  a  definite  increasing  trend  to¬ 
ward  the  bottom  of  the  charge  was  evident.  This  is  clear  from  the  fact 
that  the  top  section  had  about  26.  5%  RDX  and  a  density  of  about  1.  04  gm/cc. 
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while  the  bottom  section  had  about  31,  2%  RDX  and  a  density  of  about 
1.  08  gm/cc.  Although  a  trend  was  established,  the  magnitude  of  the 
chances  was  smaller  ir.  the  previous  case.  11  the  iop  3  in.  and 

bottom  1  in,  of  the  charge  were  cut  off  (as  would  normally  be  the  case 
when  the  cast  charges  are  trimmed  to  give  a  length -tn-Hiam^ter  ratio 
of  4)  the  average  density  and  percentage  of  RDX  would  be  considerably 
decreased.  This  represents  an  improvement  in  variability  because  the 
significant  parts  of  the  density  and  RDX-content  trends  were  effectively 
elim  inated. 

Because  of  this  improvement,  the  charges  from  Batch  7  were  remelted 
and  recast  (as  Batch  7B)  at  a  kettle  temperature  of  140  F.  A  cylindri¬ 
cal  sample  was  cut  into  nine  slices  and  each  slice  was  analyzed  for  den¬ 
sity.  Again,  the  average  density  was  less  than  that  for  the  batch  as  a 
whole,  and  further  RDX  settling  during  the  recasting  operation  is  indi¬ 
cated.  Furthermore,  because  the  large  variability  of  these  results 
(more  than  four  times  t,he  previous  result)  strong  gradients  were  sus¬ 
pected.  This  was  born^  out  when  the  data  was  plotted  against  vertical 
position.  It  was  assumed  that  the  trend  in  RDX  content  was  similar. 

\ 

It  was  noted  that  the  viscosity  of  the  melt  in  this  case  (at  140  F)  was 
about  the  same  as,  or  lower  than,  the  viscosity  in  the  previous  case 
(when  original  Batch  7  sheet-cast  material  was  melted),  therefore  it 
was  concluded  that  the  wetting-time  phenomenon  was  still  operating 
and  tliat  each  reheating  and  remixing  of  the  original  Batch  7  material 
would  further  break  down  the  Cab-O-Sil  structure. 

In  a  further  effort  to  overcome  this  problem  and  to  determine  whether 
the  first  plan  for  saving  Batch  7  was  feasible,  the  batch  was  then  re¬ 
cast  as  Batch  7C,  at  the  lowest  kettle  temperature  possible  (110°F)  and 
a  cylindrical  sample  was  submitted  for  analysis. 

The  averages  and  standard  deviations  of  the  data  were  computed  for  all 
the  slices  and  for  those  that  would  remain  after  the  charge  had  been 
trimmed  for  testing.  It  was  noted  that  the  average  dennity  of  all  the 
samples  (1.  087  gm/cc)  was  very  close  to  that  of  the  entire  batch  (Table 
C- 1 ).  Since  the  RDX  content  of  the  samples  (31.  62%)  was  also  close  to  that 
of  the  batches  as  a  whole  (30.  75%),  this  data  was  consistent  with  the  con¬ 
cept  that  there  was  a  direct  correlation  between  density  and  RDX  content; 
i.  e.,  density  changes  are  directly  indicative  of  changes  in  RDX  percen¬ 
tage.  Because  the  variability  in  both  density  and  RDX  content  was  higher 
than  that  for  the  original  Batch  7  material  it  was  concluded  that,  as  be¬ 
fore,  the  RDX  was  settling,  probably  in  the  molds.  When  the  trimmed  charge 
is  considered,  the  average  density  and  RDX  content  arc  higher  than  for  the 


0866-01(01  )FP 
Page  C-6 


overall  sample,  and  for  the  batch  as  a  whole.  Since  the  por¬ 

tion  is  taken  from  the  1  v/wer  portion  of  the  charge,  this  result  is  expected 
if  RDX  settling  is  taking  place.  However,  it  was  noted  that  the  variability 
in  both  ucnaiiy  and  RDX  content  ia  considerably  reduced  and  is  within 
acceptable  limits. 

To  determine  the  nature  of  the  suspected  gradients  in  the  sample,  these 
data  were  again  plotted  against  vertical  position  on  the  charge.  The 
trends  were  obvioua.  The  top  flection  had  about  19.  2%  RDX  and  a  density 
of  1 . 03  gm/cc,  while  the  bottom  section  had  about  38.  2%  RDX  and  a  den¬ 
sity  of  about  1.  12  gm/cc.  It  is  noteworthy  that,  when  the  trimmed  charge 
is  considered,  there  are  gradients  in  density  and  RDX  content,  even  though 
the  variability  of  the  data  ia  considerably  reduced.  The  viscosity  of  the 
melt  in  this  case  (110°F)  was  about  the  same  or  less  than  the  viscosity 
in  the  previous  case  (Batch  ?B).  It  was  again  concluded  that  the  wetting¬ 
time  phenomenon  was  causing  a  breakdown  in  the  Cab-O-Sil  structure. 

In  order  to  verify  this  result,  a  square  charge  and  a  cylindrical  charge 
(both  trimmed)  were  cut  into  four  slices  for  analysis.  Because  of  the  corre¬ 
lation  already  established  between  density  and  RDX  content,  each  piece 
was  analysed  for  density  only. 

For  the  square  charge,  the  average  density  and  standard  deviation  for 
the  samples  (1.  079  and  0.  007  gm/cc)  were  close  to  the  corresponding 
values  for  the  batch  as  a  whole  (1.  081  and  0.  010  gm/cc)  and  were  with¬ 
in  acceptable  limits.  Since  this  sample  had  been  trimmed  before  the 
analysis,  this  low  variability  in  density,  despite  settling  of  the  RDX, 
might  be  explained  by  the  name  reasoning  discussed  previously.  The 
fact  that  the  average  density  is  close  to  that  of  the  batch  as  a  whole 
might  be  accounted  for  by  assuming  that  this  sample  was  cast  at  about 
the  middle  of  the  pouring  period,  when  the  concentration  of  RDX  (and 
thus  density)  was  about  the  same  as  that  for  the  batch  as  a  whole. 

To  establish  information  on  gradients  within  the  sample,  the  data  were 
plotted  against  the  known  vertical  position  on  the  charge  where  each 
sample  was  taken.  An  increasing  trend  was  indicated  and  evidenced  by 
the  fact  that  the  top  section  had  a  density  of  about  1.  07  gm/cc  whereas 
the  bottom  section  had  a  density  of  about  1.08  gm/cc.  However,  be¬ 
cause  this  difference  is  relatively  Bmali,  it  was  concluded  that,  for 
this  sample,  RDX-concentration  gradients  were  minor. 
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For  the  cylindrical  sample,  the  average  density  of  the  samples  was 
greater  than  that  for  the  batch  as  a  whole.  Tliis  is  indicative  of  RDX 
settling  if  this  sample  were  cast  late  in  the  pouring  period  when  rela¬ 
tively  high  c cr.cc ;,t;»t ionn  wf  K.DX  would  have  existed  in  the  remaining 
melt.  Again,  the  variability  in  density  was  close  to  that  of  the  batch 
as  a  whole  and  was  within  acceptable  limits.  Since  the  charge  had  been 
trimmed  before  analvcis  this  might  be  explained  by  the  same  reasoning 
considered  for  the  square  sample. 

To  determine  whether  gradients  within  the  sample  could  be  detected,  the 
data  were  plotted  against  vertical  position  as  before.  In  this  case  the 
trend  was  clear.  However,  since  the  top  section  had  a  density  of  about 
1. 09  gm/cc  and  the  bottom  section  had  a  density  of  aboat  1.11  gm/cc  the 
difference  is  small  and  it  may  be  concluded  that  the  RDX-concentration 
gradients  were  minor. 

From  these  data  it  was  concluded  that  although  trimmed  charges  from 
Batch  7C  might  have  an  acceptably  low  variability  in  density  (and  there¬ 
fore  in  RDX  content)  and  an  acceptably  small  (or  aero)  gradient  in  RDX 
content,  sample-to-sample  variations  in  average  density  (i.  e.  ,  in  aver¬ 
age  RDX  content)  indicated  RDX  settling,  at  least  in  the  original  melt. 

A  summary  of  all  the  data  obtained  concerning  density  and  RDX  composi¬ 
tion  variations  within  a  sample  is  shown  in  Table  C-l.  Examination  of  the 
data  for  Batch  7  material  shows  that,  with  or.e  exception,  the  charges  con¬ 
sidered  are  unacceptable,  either  because  of  excessive  variability  in  aver¬ 
age  density  and  RDX  content  or  variation  in  average  density  and  average 
RDX  content  from  the  overall  batch  average  (Table  C-l).  Therefore,  it 
was  concluded  that  the  attempt  to  rectify  Batch  7  by  the  first  plan  was  not 
feasible. 

It  was  noted  in  the  density  and  RDX  content  vs  vertical  position  curves, 
when  traversi"-;  the  charge  from  top  to  bottom,  there  is  a  steep  rise  in 
both  curve-  relatively  flat  portion,  and  finally  another  steep  rise. 

This  behavior,  as  opposed  to  a  continuously  rising  curve,  may  be  ex¬ 
plained  as  follows:  if  the  RDX  particles  were  of  the  same  size  they  would, 
according  to  Stokes'  law,  settle  at  the  same  terminal  velocity.  In  this 
case,  a  certain  thickness  (depending  on  the  time  interval)  at  the  top  of 
the  charge  would  be  devoid  of  RDX.  However,  below  this  thickness  the 
concentration  of  RDX  would  be  normal  down  the  charge  except  near  the 
bottom  where  the  sinking  RDX  is  collecting.  This  is  so  since  any  RDX 
particle  in  the  central  portion  of  the  charge  that  settles  from  its  initial 
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position  will  be  replaced  (on  the  average)  by  one  that  was  initially  above 
it.  Thus,  a  plot  of  RDX  content  vs  position  would  include  a  steeply  rising 

/•iaIh  »««i  I  \  4  ~*t.«  / 1  _  *  ~  _  /...Jtl  . .  _  1  .  •  l 
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and  another  steeply  rising  (relatively  thin)  section.  The  flat  section  would 
represent  an  acceptable  sample  for  testing.  The  da«ta  do  not  follow  thin 
idealized  behavior  (i.  e,  ,  the  central  section  is  not  flat  but  gently  sloping), 
because  all  the  RDX  particles  arc  not  of  the  same  diameter.  In  this  in¬ 
stance,  larger  particles  settle  faster  than  smaller  ones  and  the  naturally 
resulting  "classification"  of  particlen  results  in  gradients  at  every  point 
in  the  charge.  The  a/nount  of  classification,  anu  thus  gradient,  depends 
on  the  relative  sizes  and  number  of  the  different  RDX  particles.  Thus,  it 
may  be  concluded  that,  since  the  available  RDX  has  a  definite  and  sub¬ 
stantial  range  of  particle  sizes  (see  Section  4.3.  1.  1.2),  definite  grad¬ 
ients  will  exist  in  the  central  section,  and  recovery  of  Batch  7  using  this 
section  is  not  feasible. 

As  discussed  previously,  the  second  plan  to  remedy  the  problem  of  RDX 
settling  was  to  slightly  modify  the  batch  by  remelting  it,  adding  Cab-G- 
Sil,  and  then  casting  it  at  a  lower  temperature,  However,  because  of  the 
uncertainties  involved  with  further  operations  on  the  existing  material,  it 
was  decided  not  to  pursue  th i r  plan. 

The  third  plan  to  remedy  the  problem  of  RDX  settling  was  to  start  over 
with  a  new  batch  and  include  a  considerably  reduced  soak  time  and  a  lower 
cast  temperature  during  the  casting  procedure.  This  was  considered  to 
have  more  merit  than  the  second  plan  and  materials  were  ordered  and  re¬ 
ceived  for  making  a  new  250-lb  batch  of  RDX-wax  explosive  (Batch  8). 

The  planned  casting  procedure  was  modified  to  include  reduction  of  the 
Cab-O-Sil/mineral-oil  premix  soak  time,  melting  of  the  wax  separately 
to  reduce  the  initial  heating  time,  and  casting  at  a  temperature  just  above 
the  melting  point  of  the  mix.  However,  because  the  quantiative  nature  of 
the  wetting-time  phenomenon  (which  causes  the  settling  of  the  RDX)  is 
not  known,  there  was  no  technical  assurance  that  the  modified  casting 
procedure  would  be  successful.  Therefore,  itwas  decided  neither  to 
cast  Batch  8  nor  to  continue  studies  with  the  RDX-wax  explosive. 
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”  **‘T**CT  Experimental  and  theoretical  atudiea  aimed  at  evaluating  the  detonation  charac- 
terietice  of  aolid-compoaite  propellant  rochet  motor  graine  are  deecribed.  A  combined 
experimental -theoretical  program  waa  conducted  to  determine  the  effect  of  RDX  adulter¬ 
ant  concentration  on  the  critical  diameter  of  a  typical  Clasa  II  (AP-PBAN  type)  propellant. 
The  reaulting  detonation  model  indicated  that  the  critical  diameter  of  AP-PBAN  type  pro¬ 
pellant  ia  about  75  in.  Experiments  were  conducted  to  teat  the  validity  of  a  previouely 
developed  theory  of  critical  geometry  that  (1)  ralatee  the  critical  diameter  to  the  mini¬ 
mum  aiae  of  ehapee  other  than  a  olid  right  cylinder  a  that  will  euetain  detonation  and  (2) 
conaider  the  effect  of  donor  inteneity,  configuration,  and  location  on  initiation  of  detona¬ 
tion  in  an  acceptor.  The  experimentally  determined  critical  dimensions  for  dttonation  of 
the  varicais  shapes  tested  were  in  reasonable  agreement  with  predictions  of  the  theory.  Th< 
initiation  criteria  proposed  by  the  critical  geometry  theory  wae  measured  and  found  to 
correctly  predict  the  initiation  of  detonation  in  a  supercritical  acceptor  charge  by  an 
axial,  end  donor.  Supercritical  charges  could  be  initiated  to  detonation  by  an  axial, 
end  donor  whose  diameter  wae  only  about  40%  of  the  critical  diameter  of  the  acceptor. 
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